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In the name of Allah, (he Dcncficcnt, 
the Merciful. I t ^  U - A
*  35. Allah is the Light of the heavens and 
the earth. The similitude of His light is 
as a niche wherein is a lamp. The lamp is 
in a glass. The glass is as it were a shining 
star. (This lamp is) kindled from a blessed 
tree, an olive neither of the East nor of 
the West, whose oil would almost glow 
forth (of itself) though no fire touched it. 
Light upon light, Allah guideth unto His 
light whom He will. And Allah speaketh 
to mankind in allegories, for Allah’ is 
Knower of all things.
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SDRAH XXlV/35.
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The English is a word by word translation of verse 35, Surah(24); 
reproduced from: The meaning of the glorious Qur'an, an explanatory 
translation by M. Pickthall, Taj Company, 3151 Turkman Gate, New Delhi, 
1983.
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Abstract
In this thesis a study has been made of the design, construction 
and, in particular, frequency stabilization of a d.c. excited carbon 
dioxide laser. The outline of the theory of the carbon dioxide laser 
is presented as a prelude to a detailed study of optogalvanic and 
optoacoustic effects. Experimental investigations have been made of 
both of these phenomena, and the results used for frequency stabi­
lization of a conventional large tube diameter flowing gas type of 
carbon dioxide laser. A special feature of the work is intra-cavity 
optoacoustic detection of laser power by carbon dioxide gas absorption 
within the laser tube itself but outside the plasma region, for a new 
method of frequency stabilization. It is shown experimentally that 
this novel method is superior to the well established optogalvanic 
technique of frequency stabilization, in terms of signal to noise 
ratio and short response time.
Extension of the intra-cavity optoacoustic method to both d.c. 
and r.f. excited waveguide lasers is discussed.
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Chapter 1
Introduction
For many years carbon dioxide lasers have been a very useful tool 
in numerous applications. Their utility has been enhanced by the great 
number of spectral lines that support laser oscillations, as many as 590 
lines in all, involving seven isotopic species (Freed, Bradley and 
O'Donnell 1980). In addition, other important beam properties, often 
shared with other types of lasers, are of interest too, such as mono­
chromaticity, coherence, directionality, frequency tunability, power and 
ability to be focused to a very small spot.
Carbon dioxide lasers can be constructed in two forms: conventional 
and waveguide. The conventional laser dates from 1964 (Patel 1964B).
The advent of waveguide lasers some time later (1971) has led to an 
increase in gain per unit length over conventional types, but high power 
is usually obtainable from the latter types. An important feature of 
waveguide lasers is their frequency tunability (Abrams 1972; Degnan 1973; 
Degnan 1976 and Lyszyk, Herlemont and Lemaire 1977).
In many applications it is necessary that the laser is frequency 
stabilized. For example, in optically pumped far infrared lasers (Busse, 
Basel and Pfaller 1977 and Boscolo, Passaseo and Bernardini 1986) it is 
essential to use a frequency stabilized CO^ laser. Likewise, far infrared 
generation using metal-insulator-metal (MIM) diodes (Mocker, Sokoloff, 
Daneu, Szoke and Javan 1968) require two frequency stabilized lasers for 
reliable power mixing. In trace gas analysis (Shtrikman and Slaltkine 
1977) with its capability of detecting absorptions as small as 
3 X 10 cm \  frequency stable lasers should be used. Low pressure, 
highly stabilized CO2 lasers have been used as an absolute frequency
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reference grid in the 28 THz range (Clairon, Lerberghe, Briant, Salmon, 
Camy and Bordé 1981). By locking two lasers oscillating at two adjacent 
line wavelengths, whose radiation output is readily absorbed by a heavy 
molecule such as OsO^ and subsequent mixing the two laser beams on a MIM 
diode it is possible to determine the exact difference in frequency 
between the two lines. These are just a few examples of important appli­
cations of frequency stabilized CO2 lasers.
Frequency stabilization is one of the most difficult problems facing 
laser researchers. As an example, consider a carbon dioxide laser osci­
llating on the P(20) line of the (00^1-10^0) branch with a cavity length 
of 1.8 m. This length should be kept constant within 0.06 urn for its 
frequency to be constant within 1 MHz (see Chapter 7, eqn. 7.2). This is 
not a trivial problem, since the CO2 laser needs an accurate and complete 
control of all the parameters involved in laser action, together with 
cavity length stabilization and control of environmental conditions as 
well.
Existing methods of frequency stabilization can be divided into two 
categories. The first category includes schemes that employ gas absorption 
in a cell placed either externally (for example Ouhayoun and Bordé 1977) 
or internally (for example Kunikane, Ohtsu, Nakamura and Tako 1984) with 
respect to the laser cavity. The second category monitors variations of 
the laser power directly, e.g. by the use of a pyro-electric detector.
In the following, examples of some techniques employed in laser frequency 
stabilization will be presented. One of the early techniques used was the 
saturated fluorescence method, in which a cell containing CO2 is placed in 
the laser cavity at pressures within the range 0.005-0.8 torr (Freed and 
Javan 1970). The intensity of 4.3 pm fluorescence radiation from the 00*^ 1 
level to the ground state was then monitored through a sapphire window in 
the cell side using a liquid nitrogen cooled InSb detector. This is
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quite a sensitive method, but is rather awkward and is also expensive. 
Goldberg and Yusek (1971) have used the inverted lamb dip method with an 
extra-cavity SFg absorption cell for laser frequency stabilization. 
Frequency modulation was achieved by doppler 'dithering' of the laser beam 
employing an external moving mirror after which it enters the absorption 
cell, thereby avoiding internal frequency modulation of the laser. Their 
result was a 53 kHz drift in 15 min. Saturated absorption stabilization 
in SFg achieved three parts in 10^^ stability (Ouhayoun and Bordé 1977).
In an absorption cell many techniques are available for the purpose of 
stabilization, e.g. via Stark resonances detected using a pyro-electric 
detector (Hall, Jenkins and Gorton 1978; Okajima, Yamanaka, Nishizawa, 
Makino, Kondo, Kon and Fujita 1985 and Nussmeir and Abrams 1974). An 
advantage can be gained by Stark cell stabilization where the modulation 
can be applied to the Stark cell rather than to the laser (Nussmeir et al. 
1974 and Okajima et al. 1985). A stability better than ± 100 kHz was 
possible with gas Stark cell stabilization (Nussmeir et al. 1974). A more 
direct method involves detection of gas absorption in a cell without the 
Stark electrode, again using a pyro-electric detector (Mingozzi and 
Tonelli 1977). A further technique is to use a microphone to detect 
absorption in an external optoacoustic cell (Kavaya, Menzies and Oppenheim 
1983). This method achieved a long term frequency drift of ±1 MHz. Lamb 
dip stabilization using optoacoustic detection has been used by Souilhac 
and Gundjian (1982). Using a molecular beam, narrow spectral lines have 
been obtained ( ~ 23 kHz) through the reduction of the first order doppler 
width of the spectral lines, especially using the technique of optical 
Ramsey fringes at 10.6 um. This approach employs a supersonic seeded beam 
of 7% SFg in He, illuminated by a CO2 laser radiation in spatially sepa­
rated field zones (Bordé, Avrillier, Lerberghe, Salmon, Bassi and Scoles 
1981). High frequency stability can be obtained by frequency locking a
4 -
CO^ laser to the peak of the central fringe of the Ramsey pattern.
Simpler, less precise methods that do not involve an external cell 
include detection of the frequency dependent power variation using a 
thermopile power meter (Lund, Cogan and Davis 1979) or using a pyro­
electric detector for more sensitive monitoring of laser power variations 
(Shanahan and Heckenberg 1984). These two experiments gave a result of 
±3 MHz and ±2 MHz respectively. One of the widely used methods is opto- 
galvanic (OG) frequency stabilization in which variations in the laser 
tube impedance are used to fingerprint CO^ gas resonances within the 
plasma tube. A long term stability of ±1 MHz has been achieved (Moffatt 
and Smith 1981) and even a stability of ±50 kHz/h drift has been claimed 
by Skolnick (1970).
Every stabilization method has its own limitations and problems.
For example in methods where an expensive pyro-electric detector is used, 
the cost may be too high and the experimenter is faced with the 
problems of cooling or burning out of expensive detectors. Other methods 
necessitate alignment and the need for expensive optical components and 
windows, especially in gas absorption systems. Intensity fluctuations can 
be problematic in methods relying on fluorescence intensity detection.
Even the accurate technique of Lamb dip stabilization suffers from the 
fact that the centre of the gas resonance is subject to pressure shifts, 
or, if detected in a discharge tube, the dip centre might shift in 
frequency because of the ambipolar field set up as a result of the diff­
erence between electron and ion mobilities (Mallard 1973). In most of the 
above mentioned frequency stabilization systems the frequency stability is 
~±1 MHz, so it is worthwhile looking for a yet more conventional approach. 
Apart from the OG method all the above techniques mentioned so far involve 
windows and detectors with the latter often of a special type. This makes 
frequency stabilization techniques not only expensive but also introduces
practical problems associated with the alignment of the laser beam with a 
gas absorption cell as mentioned in the examples given above. This makes 
the task of manufacturing a compact frequency stabilized laser system 
difficult. The optogalvanic method has proved to be an inexpensive and 
simple approach to CO2 laser frequency stabilization in respect of the 
fact that no addition need be made to the plasma tube, apart from the 
necessary optogalvanic sensing circuit. This method, however, does have 
its problems. Firstly the OG signal is often detected with difficulty due 
to the fact that the plasma is sustained by a high value of D.C. voltage. 
Secondly, even in the absence of laser oscillations, plasma fluctuations 
produce electrical noise. Thus although optogalvanic signals are of large 
amplitude, they are also rather noisy (Moffatt et al. 1981). This 
necessitates a larger modulation depth to give a satisfactory signal to 
noise ratio in a frequency stabilization system. Frequency modulation, in 
turn, causes spectral broadening of the CO2 laser power output. In addi­
tion to the above mentioned problems, harmonics of the mains electrical 
supply can be quite strong, and contribute to the average noise level.
Although the OG technique (and its variations) has been considered 
to be the most convenient method in practice for CO2 laser frequency 
stabilization, its limitations in the area of signal to noise ratio 
indicates a need for a new approach. Any alternative technique should be 
simple, inexpensive and should offer a better electrical performance. It 
should also offer a compactness comparable to the OG method. The approach 
taken in this thesis is that of using optoacoustics. It is possible to 
detect the optoacoustic signals created by laser beam absorption using a 
microphone placed outside the plasma region, although within the laser 
tube itself. This technique will be shown to be simple, avoids discharge 
noise, and needs no additional optical components. Signal detection and 
processing, in common with the OG method, is of course still necessary.
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This thesis is concerned with the problem of frequency stabilization 
of CO^ lasers, including both conventional and waveguide types. Before a 
detailed discussion of each system is undertaken a brief resume is given 
of the theoretical background of CO^ lasers in general in Chapter 2. The 
constructional and experimental details of both conventional and waveguide 
lasers are outlined in Chapter 3. A brief study of the optogalvanic 
effect is given in Chapter 4 and the theory of the optoacoustic absorption 
method given in Chapter 5. In this same chapter, details of optoacoustic 
cells used in the study of this thesis and ultimately in an operational 
frequency stabilization scheme are given. In Chapter 6 a comparison is 
made between optogalvanic and optoacoustic (OA) methods. The frequency 
stabilization of the conventional CO2 laser is given with examples of 
successful results in Chapter 7 comparing optogalvanic and optoacoustic 
approaches. In Chapter 8, the last Chapter, conclusions stemming from the 
work carried out to date are presented and work suggested for the future 
is put forward.
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of CO2 lasers, including both conventional and waveguide types. Before a 
detailed discussion of each system is undertaken a brief resume is given 
of the theoretical background of CO2 lasers in general in Chapter 2. The 
constructional and experimental details of both conventional and waveguide 
lasers are outlined in Chapter 3. A brief study of the optogalvanic 
effect is given in Chapter 4 and the theory of the optoacoustic absorption 
method given in Chapter 5. In this same chapter, details of optoacoustic 
cells used in the study of this thesis and ultimately in an operational 
frequency stabilization scheme are given. In Chapter 6 a comparison is 
made between optogalvanic and optoacoustic (OA) methods. The frequency 
stabilization of the conventional CO2 laser is given with examples of 
successful results in Chapter 7 comparing optogalvanic and optoacoustic 
approaches. In Chapter 8 , the last Chapter, conclusions stemming from the 
work carried out to date are presented and work suggested for the future 
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Chapter 2
Theoretical background of the CO, laser
2.1 Introduction:
To have a laser system that emits at wavelengths of a few microns, 
atomic systems should in general be avoided (Patel 1968). To achieve 
such wavelengths, the atoms have to be excited to energy levels very 
close to the onset of ionization which results in low energy and quantum 
efficiencies. The former quantity is the capability of the laser system 
to convert the input energy into laser power. The latter quantity, 
defined as (E^ - E|^)/E^ in a laser system, where is the energy of the 
upper laser level and E|^ the energy of the lower laser level, does not 
normally reach a high value in a laser system. In CO2 lasers the 
theoretical quantum efficiency is equal to 38% while the practical energy 
efficiency is of the order 15-20% (Sasnett 1984). These efficiencies 
are high for CO2 lasers, relative to lasers in general and are due to 
vibrational energy levels being close to the ground state which ensures 
efficient excitation. Following the first CO2 laser to be operated (Patel 
1964B), CO2 laser systems have undergone many improvements either as a 
result of theoretical studies (Tychinskii 1967 and Sobolev and Sokovikov 
1967), or through experimental work (e.g., see Table 2.1). One parti­
cularly successful outcome has been the development of the waveguide 
lasers (Bridges, Burkhardt and Smith 1972 and loli, Morruzzi and Strumia 
1980). In this Chapter the basic theory of CO2 lasers will be discussed.
A brief introductory account of waveguide lasers is also given.
2.2 Vibrational-rotational levels of the CO, molecule:
Carbon dioxide is an asymmetric triatomic molecule with three 
degrees of freedom v^, and (Patel 1968). As Fig. 2.1 shows, 
represents the symmetrical vibration, the asymmetric bending and 
finally the asymmetric stretch mode. So the state of the molecule can 
be described by CO^Iv^, V2, v^). A transition from C02(000)to the upper 
laser level C02(00^1) is equivalent in energy to 2349.3 cm*^. Other 
situations are shown on the energy level diagram of Fig. 2.2 (Lengyel 
1971). The transition ( 10%)-(00%) is forbidden in the infrared region 
of the spectrum, but can be detected in the Raman spectrum (Sobolev et al. 
1967). The transition of the (01^0) and (00*^ 1) levels to the ground state 
(000) occur at 15.6 pm and 4.3 pm respectively. It should be mentioned 
that the possibility of a Fermi resonance between the (10^0) and (02^0) 
levels will result in a reduction of the separation between (01^0) and 
(02*^ 0) levels to 618 cm'^ instead of 667 cm  ^ (Sobolev et al. 1967). Each 
vibrational level has sub-rotational levels and as far as selection rules 
are concerned, vibrational-rotational transitions occur according to the 
following rules (Lengyel 1971): av=0, no change in vibrational state;
pure rotational spectrum; ûv=l, molecular excitation to another 
vibrational-rotational level; av=-l emission of radiation as one of the 
vibration-rotation spectra. The rotational quantum number (J) follows the 
selection rules: aJ=1, rotation from the P-branch band; a J=0*, rotation 
from the Q-branch band; aJ=-l, rotation from the R-branch. Usually the 
line is related to the J value of the lower level. For example a 
transition from the J'=10 to J=ll, with the latter associated with the 
lower vibrational level, will be called P(ll).
* This is a forbidden transition (Patel 1964A).
O----O O
Fig. 2.1 : Schematic diagram to show the 3-degrees of freedom of
the CO2 molecule
(After Patel 1968)
CO2 asymmetric linear 
Symmetrical vibration (v^ i 
Asymmetrical bending (V2) 
Asymmetric sketch (v^)
Fig. 2.2 : Energy level diagram of CO2 and N2 molecules 
(After Lengyel 1971).
2.3 Requirements for the laser medium:
In this section the requirements for the molecular laser medium are 
discussed and wherever possible examples concerning the CO2 laser will be 
given.
2.3.1 General considerations:
High working efficiency can be ensured if the laser medium satisfies
certain conditions. Tychinskii (1967) in his review of powerful gas
lasers applied the conditions proposed by Gould (1965) for atomic lasers
to molecular gas lasers. The upper laser level lifetime is assumed to be
long, say 'lO'^ s, compared with that of the lower laser level which
should be an order of magnitude smaller, say ~10’® s, to ensure a high
level of population inversion. Good laser media have a high stimulated
—  5 - 1  —emission probability of the order P/Nhv5 10 s , where P is the generated 
power density, N the population of the upper laser level and hv is the 
transition energy which is related to the saturation flux 1  ^ by the 
formula (Hotz and Austin 1967):
o T = h V ( 2 . 1 )
where o is the stimulated emission cross-section, x is the inversion rise 
time which is inversely proportional to the pressure of the active medium 
(Mocker, Kovacs, Rodes, Flynn and Javan 1966). As the carbon dioxide 
pressure is increased, a high saturation flux is needed to achieve the 
same population at the new pressure. It is useful to know (Hotz et al. 
1967) that:
IjT = constant (2.2 )
for all tubes having gain at a wavelength of 10.6 urn. This implies that 
as Ig is increased, x is decreased, i.e. the population required for laser
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operation is obtained in a shorter time. For a tube 12 mm diameter and
1 m long at a total pressure of 20 torr of gas mixture (N2-He-C02). t was
“18 2found ' 0.3 ms and o ~ 3 x 10 cm . The knowledge of o and the 
inversion density (N^) gives an estimate of the output power, pro­
portional to o. For the upper laser level it should not decay greatly 
by inelastic collisions with molecules in the system or with the walls of 
the container (Tychinskii 1967). The lower laser level should be depleted 
quickly so as to be ready for upper state laser excitation. If these 
levels lie close to the ground state, it is difficult for depletion to 
occur by radiative decay and they will only be depleted by inelastic 
collisions at a colliding particle potential energy of a E i The
rotational energy is given by the formula (Herzberg 1945):
= he F(J) (2.3)
where F(J) is the rotational term given by:
F(J) = B J(J+1) (2.4)
Here J is the rotational quantum number and B is the rotational constant 
equal to:
B = (2.5)
b A i
where I is the moment of inertia of the molecule about the axis of 
rotation and c is the speed of light. At room temperature (300°K '
208 cm"^) most of the molecules are expected to be in the ground vibra­
tional level (v=0) (Lengyel 1971). This is not the case for rotational 
levels as they are more closely spaced; some will be expected to be 
occupied, especially those in the ground vibrational (v=0 ) level.
At equilibrium, for a given vibrational level (v), molecules will be
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distributed over the rotational levels according to the following relation 
(see, for example, Herzberg 1945 or Patel 1964A):
N^,j = N^(hcB/kT^)(2J+l)exp{-F(J)hc/kT^) ( 2 . 6 )
where is the temperature of the rotational level which will be assumed 
to be equal to when the rotational levels are in thermal equilibrium. 
The question which may be asked is 'can thermal equilibrium between the 
vibrational levels be achieved?'. The thermal equilibrium lifetime
_3
for vibrational levels is about ~ 10 s whereas for rotational levels of 
the same vibrational level the lifetime is of the order ~ 10  ^ s. From 
this large lifetime difference it can be concluded that there is a near 
thermal equilibrium within each vibrational level. For transitions to 
occur even at small optical gain from state n to m, the following 
condition must be satisfied (Lengyel 1971):
N„/g„ > N„/g„ n ^n m ^m (2.7)
where g^, g^ are the respective statistical weights. Now consider the 
distribution of rotational levels in two vibrational levels v and 
v' = v+1. Here the distribution is exponential and is proportional to 
g^exp(-E^ZkT) for state n. It is readily seen from Fig. 2.3 that the 
population of J=19 in level (00^1) is larger than the population of J=20 
in level (10^0) and the transition condition given by Lengyel (1971) is 
satisfied:
N„'v.J
v',J-l/2J-l 2J+1
( 2 . 8 )
This condition might be met even if there is no complete population 
inversion, or what is known as partial inversion. Using eqn. (2.6), 
condition (2.8 ) can be written as follows:
Otfl
KJO) or
lO-lpin
itfo
kli
T^ mUjiK
Fig. 2.3 : Sub-rotational level population of upper and lower 
laser levels 
(After Patel 1971).
Fig. 2.4 : Energy level diagram showing the different excitation 
processes of CO2 and N2 molecules 
(After Scott et al. 1984).
Ny.exp -F(J-1)hc
kT_
>Ny exp -F(J)hc
kT
(2.9)
Assuming y = Bhc/kT^ and using eqn. (2.3) condition (2.9) leads to:
1
J > —  log» ( 2. 10)
2 Y V'
This is true for all values of J in the case of complete inversion and 
some of the J states for partial inversion. Another important point is 
that this condition for the R and Q branches require complete inversion 
for gain, i.e. N^, > (Patel 1964A). If = 400°K then kT^ = 275 cm'^ 
and Bq q O^  = 0.3866 cm  ^ (Tychinskii 1967). Assuming the measured value of 
Nv/Nvi = 1.05, substitution in condition (2.10) yields J > 8 . For N^/N^,
= 1.1, J > 15 and for N^/N^, = 1.13, J > 19, showing that as N^, becomes 
smaller than N^, emission will occur at higher values of J. R-transition 
shows gain only for N^./N^ >1.02 (Patel 1964A). It was reported 
(Crocker, Clack and Butcher 1981) that P(20) is the strongest line. In 
the case of full inversion it can be easily shown by differentiation of 
eqn. (2.6) that the optimum value of J (Tychinskii 1967) is:
'"opt 
J' =
= 0'95/ t^ ; 7 -  j , at Tg^3 ~ 400 K; 
19, i.e. the P(20) line.
If the laser is cooled efficiently, low J value transitions are enhanced 
(Tychinskii 1967).
2.3.2 Rate equations:
Recently Scott and Myers (1984) reported a model which can be used 
to predict the performance of a slow (or zero) flow CW CO2 laser. In Fig. 
2.4, E^, E2 and E^ are the energy densities in the CO2 symmetrical
stretching mode (10%) , the doubly degenerate bending mode (02% )  and the 
asymmetrical stretching mode (00^1), respectively. is the energy 
density in the stretching mode. This model was derived for the steady 
state situation based on the equation given by Manes and Seguin (1972) 
leading to the following set of equations:
E,-E',(T) E,-E' (T„) hf,
M r n  hf.X, - — -- 1—  - — -- + (— L)
e COo 11 t ,„(T) T  (T) hf
lO' ' 12' 2' 3
Ea-E'ad.Ti .T^)
%<T.T^.T2)
+ hf, a n  W I = 0
I V
( 2 . 11)
E,-E',(TJ E„-E'(T)
hf,X, + -i--------------------
e CO2 2 2 T,.,(!,)12' 2 ' ^2o (T)
Ea-E'ad.T^.T^)
x3(T.T^.T2)
= 0 ( 2 . 12 )
E3-E'3 (T,T,,T ) E.-E'.(T3)
N„N^„ hf,X, - 3 3 1 2 ^ 4 4 3rìToA^ " ----- ”---- !--+ ____ :____!_
e CO2 3 3  t 3 (T,T^,T2) t^3(T)
- hf3 AN W = 0 (2.13)
W U h  - ''3'3 . „
'430>
(2.14)
—  + chf, AN(WIy+ S) = 0 
c
(2.15)
where is the intracavity optical intensity, E^, E^, E3 , E^, and the 
translational temperature T are six unknowns in five equations. Other
quantities assumed known are: N^, electron number density, N^ -g and N 
are the densities of the molecular species CO2 and N2 respectively.
X p  X^, X^ and X^ are the excitation rates of the different vibrational 
inodes as shown on Fig. 2.4. hf^, hf^, hf^ and hf^ are the energy spacings 
of the vibrational modes; and fj^  the laser frequency. W in eqn. 2.15 is 
the stimulated emission rate at the line centre given by:
UL^g(f)F] /S^hf^T^p,
where g(f) is the line shape function; F the filling factor, or fraction 
of discharge volume filled by oscillating mode. ... are the effec­
tive temperatures of the corresponding vibrational modes; t represents 
the various relaxation times discussed in the following section. Thus 
signifies that is a function of the unknown T, and E2. 
The spontaneous emission term S in eqn. (2.15) can be neglected for CW 
lasers, so eqn. (2.15) becomes:
—  + chf, WAN = 0
T Lc
(2.16)
where is the photon lifetime. At this stage another equation (the 
sixth) is needed to allow for the solution for the six unknowns using 
eqns. (2.11) to (2.14) with eqn. (2.16). This additional necessary 
equation can be the energy balance equation derived as follows. The 
electrical energy supplied will be consumed as heat dissipated via the 
laser walls and removed by laser tube cooling and through the gas flowing 
through the discharge tube. Some of the input power is also removed when 
excited molecules are swept out before they emit and finally some of the 
input power will be removed by the output coupled optical power. Using 
the above argument, the energy balance equation can take the form:
48IV = —  "kUT^-Tjj) + itC„pm R/(Tk-T,) +
11
E(Ej-E,)(.R/.) . I. (2.17)
where:
thermal conductivity of the gas. 
length of the discharge tube, 
temperature of the laser tube wall, 
bulk temperature of the gas. 
specific heat of the gas at constant pressure, 
density of the gas. 
gas flow velocity, 
initial gas temperature, 
discharge radius.
energy density in mode j after passing through the discharge, 
initial energy density in mode j. 
cross sectional mode area.
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With eqn. (2.17), the model is complete and eqns. (2.11) to (2.14), (2.16) 
and (2.17) are now a complete set of six equations with six unknowns, E^, 
£2» E^, E^, and T, which can be solved to predict the performance of a 
carbon dioxide laser.
2.4 Vibrational relaxation times:
From Section 2.3 it is understood that it is most important for 
laser action, to populate the (00^1) level and avoid all processes that 
lead to a loss of molecules of the (00*^1) level, other than via laser 
action. Furthermore, molecules should not be allowed to accumulate in 
the lower laser level (10^0). This latter level is worrying to laser 
researchers as it has previously been shown in Section 2.2 that the 
transition (10®0) to (000) is forbidden. Instead, the (10^0) level decays 
to the two levels (01^0) and (02^0). This will leave two levels to be 
considered which should be depleted quickly so that the molecules will be
ready for excitation to the (00^1) level. Exact knowledge of the relax­
ation times of the different levels is vital for setting up the right 
conditions for laser action. Relaxation times used in the rate equations 
of Section 2.3.2 can be calculated from the formula of Manes et al. (1972) 
as follows:
exp(hf2/kÎ2 ) ■ 1
^12
1
*^002^12 exp(hf2/kÏ2 + 1
(2.18)
Here is the relaxation time associated with the transfer of energy 
between the CO2 symmetric stretching mode and the bending modes; is a
constant, the effective temperature of CO2 bending mode and hf2 the 
quantum of energy of the bending mode. The relaxation time of the anti­
symmetric mode is given by the following relation:
r ^^ 1exp(— -) - 1 hf,exp(— -) - 1
L '^1 J kT^
t3(T.Ti .T2)
hf. hf, hf,-hf,-hf, 
Nco^Aaiexpl— i- + — i + i---L) - 1)
'1
kT
-1
(2.19)
where A^ is a constant, the effective temperature of the CO2 anti-
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symmetric stretching mode, and N^ -q the number of CO2 molecules/cm ; hf^, 
hf2 and hf^ are the quantum energy of one symmetric stretching mode, 
bending mode and antisymmetric stretching mode, respectively. Taylor and 
Bitterman (1969) gave a relation from which the different relaxation times 
were obtained as function of temperature and pressure of the different CO2 
gas mixtures:
^ i j ( T )  = N,
c o / U c o / "  * V ’Jn 'He
-1
( 2. 20)
where k^j is called the kinetic rate constant whose value is given for 
various ij values by Manes et al. (1972). Experimental measurements of 
the lifetimes of the (00^1 land (10%) levels (Crafer, Gibson, Kent and
Kimmit 1969) gave values of (0.93 ± 0.05) ms and (90 ± 20) ps respec­
tively. An estimation of these values by Tychinskii" (1967) was of the 
order of 1 ms and 0.3 ms respectively. Crafer et al. (1969) found that 
the addition of helium gas does not change the measured value of the 
(00^1) level lifetime significantly and that the N2 - CO^ transfer time 
was about 0.3 ms. Volume quenching of the (00^1) level as measured by
Mocker, Kovacs, Rodes, Flynn and Javan (1966) was of the order 385 s'^mm'^
-19 ?corresponding to a cross section of (3.3 ± 0.3) x 10 cm . They also 
found that molecules in the level (00^1) could be lost by collisions with 
the other molecules CO2* (00^1) or N2*(v=l) and the result led to the 
formation of C02*(00v2 ). Vibrational states up to v^ = 4 were found to be 
populated. The time in which the (00^1) level could be excited again 
after it was depleted was of the order of lO'^^ s (Sobolev et al. 1967). 
The question which should be asked at this stage is what happens to the 
other laser levels (10°0), (01^0) and (02°0)? At P^q = 1 torr and 
operation at room temperature, the CO2-CO2 collision cross section is 
'1.6 X 10’^^  cm^, i.e. a collision rate of ~1.15 x 10^ s'^ (Sobolev et 
al. 1967). At least 5 x 10^ collisions of molecules in the CO2 (10%) 
level with other molecules were needed to transfer these to the (01% )  
level. Simple calculation gave a relaxation time of the (10%) level of 
about 4.3 X 10 s. Sobolev and Sokovikov (1967) concluded from the 
measured collision rate of 1.15 x 10^ s'^ at one torr pressure of CO2 at 
room temperature, that molecules themselves were the main agents of the 
relaxation process from the lower laser level. The presence of CO at 
small pressures -0.5 torr reduced the relaxation time to 4 x 10’^ s.
This value was an order of magnitude smaller than for the calculated 
CO2-CO2 collision process. Also He in amounts similar to that of CO, and 
somewhat less in the case of H2O, resulted in a decrease of relaxation 
times (Sobolev et al. 1967). It was necessary for the (01%) level to be
depleted effectively, otherv<ise a decrease in the population inversion 
occurred as CO^ molecules were expected to accumulate in this level (Patel 
1968). The lifetime of this level was determined using the formula 
(Sobolev et al. 1967):
1 Ppo ^ " ^ co^ 2^ + tot. ^^ 2
^01 ^C02-C02 ■'CO2-M
( 2 . 21 )
where gave the relaxation time as a result of collision of
CO2-CO2 molecules. Here, was the relaxation time as a result of a
CO2 molecule and an atom in the discharge. = Pj.q + P|^|. In fact,
N2 at 2.5 torr was seen to lead to a decrease of relaxation time of the 
(01^0) level to -4 x 10  ^ s. NO or a CO introduced even at small 
pressures, also greatly reduced the relaxation time.
2.5 Laser action in pure CO,:
Laser action in pure CO2 gas was first reported by Patel (1964B) and 
later by Howe (1965) who found that in an electrical discharge it was 
possible to excite molecules to the vibrational level (00^1) and even to 
the higher equally spaced levels (OO^v^) (Patel 1968). Following this, a 
collisional reaction of the form:
C02(00V3) + C02(000) -  C02(00v3-1) + 682(001),
was shown to be possible. It was not possible to rely on this reaction as 
a means of populating the upper laser level, since the highly excited 
electrons in the discharge were few. Dissociation of the CO2 molecules 
was expected. As the dissociation energy of CO2 was low (2.8 eV) an 
appreciable number of CO molecules were expected to be formed (Sobolev et 
al. 1967). These were shown to play a role similar to that of N2 in CO2 
lasers, but with lower efficiency. This is due to the energy difference
between the vibrational level of CO and the upper laser level of CO^
~170 cm \  whereas for N2 the difference is only ~18 cm'\ The amount of 
CO molecules formed depends on the discharge parameters of pressure, 
discharge current, gas flow rate and presence of other gases within the 
discharge. Carbon dioxide dissociation ratios up to 85% can be expected 
(Smith 1969). High ratios of dissociation are harmful and may be reduced 
according to Smith (1969) by the addition of -0.2 torr H2O vapour. 
Attention should also be given to the lower laser level (100) and (020), 
since for effective laser action these must be depleted. Accordingly, the 
following reactions might be possible (Patel 1968):
002(100) + 002(000) -  002(010) + 002(010)
002(010) + foreign atom -► 002(000) + foreign atom + K.E.
The last reaction is non resonant and can cause what Patel (1968) called 
a 'bottleneck' in the process of excitation-de-excitation in CO2 lasers. 
Accumulation in the (010) level might arise if foreign atoms are not 
available.
2.6 Effect of other gases on laser performance:
Addition of other gases to the CO2 laser often (but not always) 
influences the output power in a beneficial way (Patel 1965; Howe 1965 and 
Moeller and Rigden 1965). In this section the effect of other molecules 
such as N2, He, CO, O2, H2O, air and other gases used experimentally by 
various researchers will be discussed.
Nitrogen is a diatomic molecule with one degree of freedom N(v=l) 
with an energy difference of 18 cm'^ from the C02(00°l) level, so a 
collision with the two molecules will result in C02(00^1) population.
Here, the collision is considered near-resonant (Patel 1964B). The 
nitrogen molecule has a zero permanent dipole moment so electric dipole 
radiation cannot occur. This means that all the excited N2*(v=l) 
molecules participate in the CO2 excitation process. In addition to 
the importance of nitrogen in level populating processes of the upper 
laser level, it also reduces the lifetime of the lower laser level.
At = 1 torr, N2(v =1) has a lifetime ~14.5 - 16 ms (Tychinskii 1967) 
Pjjj must be several times that of CO2 in order that the outcome of the 
reaction:
CO2 + N2* : CO2* + N2
will give high concentrations of CO2* since the reaction is reversible
V
(Tychinskii 1967). The importance of N2 in enhancing P^^^ has been 
confirmed experimentally by many researchers. For example Howe (1965) 
found that P^^^ was increased by a factor of three when N2 was added. 
Furthermore, no nitrogen oxides were detected (Smith 1968).
He
It is known that helium can increase the diffusion time of CO.,
molecules to the container walls which is about 0.7 ms and therefore less
than the radiative lifetime (Moeller and Rigden 1965). These authors also
explained the importance of He in thermalization of the rotational levels
of excited CO2 molecules without de-exciting them, since He has a very
good thermal conductivity (k) compared with other gases (Tychinskii 1967):
kne = 0.344 x 10'^ cal s‘^deg'\ k. = 0.057 x lO’^ cal s'^deg'^ and
n 2
-3 -1 -1kj-g = 0.034 x 10 cal s deg . Helium also assists the relaxation of 
the lower laser level to the ground state (Woods and Joliffe 1976). Patel 
et al. (1965) showed that the following reaction is expected:
He*(2^S^) + 2N2 - He + 4N - ¿E, ¿E < 0.1 eV.
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This means that this reaction is near-resonant. When nitrogen atoms 
recombine, a vibrationally excited N2 molecule is formed in a high lying 
vibrational level. This decays via two processes:
(i) collision with another molecule which gains one quantum and the 
excited loses one; (ii) collision with a CO^ molecule which 
consequently will be excited and N2*(v) loses one quantum of vibrational 
energy.
C02“He mixtures gave more power than CO2-N2 mixtures in flowing gas 
systems and the best result was obtained with all three mixed together at 
the following pressures: 2.7 torr CO2, 7.8 torr He and 3.5 torr N2 
(Moeller et al. 1965). was found to be four times greater than the
power with the CO2-N2 mixture.
H2O
When water vapour was added to the laser mixture of C02-N2-He at 
pressures lower than 9 torr total presure of the mixture, an increase in 
Pout 3 factor of two to three times was gained for a partial pressure 
of water vapour of 0.25 torr. At higher pressures than this, H2O proved 
to be harmful to laser operation (Smith 1969).
CO and O2
As mentioned before the existence of CO can be beneficial; it plays 
a similar role to N2, but with lower efficiency (see Section 2.5).
However with the presence of N2, CO de-excites N*(v=l), thereby decreasing 
the possibility of CO2 excitation (Smith 1969). The existence of O2 is 
not helpful at all. A pressure of 0.1 torr of O2 will result in a 
reduction of between 10-15% of Pq ^^ .. This was also confirmed by Howe 
(1965) who obtained a reduction of Pq^i- by one half after adding O2 .
Oxygen also excites CO2 to the (10^0) and (02^0) levels and therefore
reduces the population inversion. At Pg = 1  torr the 02(v=l) relaxation 
time is~2.4 s (Tychinskii 1967), In situations where the CO2 disso­
ciation is high with the presence of N2, experimental solutions must be 
found to inhibit this, for example by increasing the rate of flow (Smith 
1968) or by adding H2 as suggested by Woods et al. (1976). Other 
techniques such as the introduction of a 12 cm platinum wire heated to 
850°C in the discharge region acts as a catalyst in the reaction:
2C0 + 0„ 2C0„
which results in a decrease in CO2 loss (Taylor, Lambert and Eppers 1967). 
Other gases were also tested, such as H2, but without any change in 
(Howe 1965). Howe (1965) also tested air which gave an increase in P^^^ 
by a factor of 2,6, N2O gave a reduction by a factor of 0.5 and C2H2 or 
C2H^ was explained by Tychinskii (1967) as being due to absorption of P^^^ 
at 10,6 wm which with the fact of its small vibrational relaxation time 
makes it act as a deactivating gas. Ar and Ne do not improve the 
performance of the CO2-N2 laser; in fact P^^^ decreases at P^^ or 
P^e = 7 to 8 torr (Patel et al. 1965). Xe showed an effect of decreasing 
the electron temperature (Woods et al. 1976). Some of the above mentioned 
gases have an effect on the relaxation lifetimes of the CO2 laser levels 
(see Section 2.4).
2.7 Waveguide CO^ laser:
The idea for a waveguide laser was first proposed by Marcatili and 
Scheltzer (1964). Actual construction and operation was later carried out 
by Smith (1971) and Bridges et al. (1972) for a He-Ne and a CO2 laser 
system, respectively. From the point of view of conventional lasers. 
Smith's resonator was unstable and laser action could be explained only in 
terms of waveguiding effects (Hall 1979). Since the gain per unit length
is proportional to the inverse of tube diameter, large gains can be 
obtained by using small bore discharge tubes (Smith 1971). Other 
properties, such as tunability, also provoked researchers to investigate 
the physics of waveguide lasers, because pressure line broadening permits 
a larger linewidth to be obtained than is possible with Doppler broadening 
alone, which leads to a greater range of tunability (Abrams 1974). In a 
gas discharge at T = 400°K, pressure broadening of CO2 is about 4.5 MHz 
per torr. So a pressure in the range 200-300 torr is needed for GHz 
tunability (Abrams 1974). In fact the increase in the gain from a wave­
guide laser is not due to the increase in pressure as this is compensated 
by pressure broadening linewidth (Bridges et al. 1972). It may be attri­
buted to the associated temperature decrease since a reduction of 10°C in 
waveguide laser temperature produced a 20% increase in (Carter and 
Marcus 1979). The temperature gradient between the centre of gas and the 
inner wall of the optical waveguide is expected to be lower than in 
conventional lasers. Even in waveguides a temperature difference -100°C 
was found to exist between the capillary and the coolant liquid (Bridges 
et al. 1972). It seems that capillary wall thickness ~2.7 mm was one of 
the reasons for the high temperature difference actually measured.
Another important property of the laser beam which is sought after by 
laser researchers is single mode operation. This is greatly affected by 
temperature and gain variations (Crocker, Clack and Butcher 1981). A 
solution can be found by discrimination against off-axis modes which 
according to Crocker et al. (1981) produce efficiency limitations and 
alignment problems. Trying to solve these problems by other methods, 
means conflicting practical requirements are faced, since short cavities 
(10-60 cm) are needed for good mode separation and tunability. This will 
be limited by the need for a minimum allowable length in order to have 
reasonable gain on the required CO^ line (loli et al, 1980). A compromise
between these requirements can be handled by a reduction on the waveguide 
bore which is faced in turn by the need for diameters to be large enough 
for reasonable spot size on the grating. Some of these practical points 
together with other material concerning waveguide lasers will be discussed 
in detail in Chapter 3.
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Chapter 3
Construction and design details of both conventional 
and waveguide lasers
3.1 Introduction:
In this chapter details of the two lasers constructed will be given. 
A conventional laser with a power of 30 watts or more and a waveguide 
laser of 3 watts capability are described. The waveguide laser was 
constructed from an adaptation of a design of the University of Nijmegen, 
Holland.
In the following sections the different parameters involved in the 
design of both lasers will be discussed. Some aspects are the same for 
both types and will therefore only be discussed once. The two complete 
systems are shown separately in Fig. 3.1 and Fig. 3.2. •1
3.2 Laser power:
3.2.I Conventional lasers : power output:
Usually CO^ laser designers aim to get the laser oscillating on the 
fundamental TEMqq mode with maximum power output and consider this as a 
first indication of laser design success. In practice the laser power 
depends on most of the parameters involved in laser design, which include 
laser tube (length and diameter), gas discharge temperature and current, 
gas pressure, mirror reflectivities and so on. Laser designers often use 
empirical equations, which although sometimes not very accurate, can be 
used as a helpful guide. A carbon dioxide laser can be constructed to 
operate either in the sealed or in the gas flow form depending on whether 
the laser is operated in the slow or fast flow mode (Sasnet 1984). In the
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slow flow rate mode of operation the predictor equation gives the power 
as:
Pout = 70 L (3.1)
where L is the laser plasma length in meters to give in watts. In 
the fast flow rate mode of operation the power takes the form:
Pout = 120 vAp watts (3.2)
where p is the gas density gr/cm , v is the gas velocity cm/s and A is the
2
laser tube cross-sectional area in cm . In this section and those that 
follow, the results of Fahlen (1973) will be discussed and used. Although 
the theoretical study was performed for a sealed CO2 laser it can be used 
for slow flow on the assumption the flow rate is optimized to sustain an 
optimum pressure in the laser. It is particularly useful for the 
selection of parameters not affected by flow rate such as optimum mirror 
transmission and TEMqq mode selection. In practice the operational 
conditions favour flow lasers relative to sealed lasers. In sealed CO^ 
lasers the power can be written as (Fahlen 1973):
P = K A, I^ (3.3)
where I^ is the effective output intensity; Ay is the cross-sectional 
area of the tube and K is an empirically determined factor which is 
approximately 0.8 for TEMqq mode operation. To see how the power varies 
with other parameters it is important to introduce the saturation 
intensity (1^) into eqn. (3.3). 1^  is dependent on gas flow and gas
mixture, plasma excitation current and tube diameter. Equation (3.3) can 
be written in the form:
I,
P = K Ay(_0) I, (3.4)
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A good approximation for at a tube diameter (Dj) in the range 4 to 
20 mm is as follows:
(72/D-p^) (3.5)
This gives in units of watts/cm“^ where Dy is in cm. This approximation 
was established from the results of many experiments. Substituting eqn. 
(3.5) and the above value for K into eqn. (3.4), then:
P = 14.4rr(I^/I^) (3.6)
An expression for U q /Ij ) has been given by Fahlen (1973) quoting Rigrod 
(1965):
(l-L)n[g^L^+ ln[(l-L)(l-L-T)]^] 
[(1-L)^ + (1-L-T)®] [1- [(l-D(l-L-T)
(3.7)
where L is the intra-cavity loss; T is the mirror transmission; (Oq L^ )^ 
is the single pass gain; is the active laser plasma length and g^ is 
the unsaturated laser gain which can be estimated for CO2 lasers using the 
following approximation:
g^ = 0.012 - 0.0025 Dy (3.8)
This approximation holds good for tube diameters in the range 0.4 S DT S 
3.4 cm. Fahlen combined eqn. (3.7) with eqn. (3.6) and generated many 
curves of versus mirror transmission, at different values of intra­
cavity loss and gain values (see Fig. 3.3). It is clear from these curves 
that increasing the loss lowers the output power even if the mirror 
transmission is at the optimum value. These curves help to estimate the 
power if the mirrors are to be changed or replaced by a more lossy optical 
component, such as a grating. If a certain power is needed from the laser 
then a particular optimum transmission value (T^py ) of the mirror should 
be selected. To do this, a given output power is chosen using Fig. 3.4(a)
Fig. 3.3 : Laser output power versus mirror transmission 
at different gain and loss values.
Reproduced from Fahlen (1973).
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and the corresponding gain per pass {9qL^) found. Then using Fig, 3.4(b)
a value of can be established. Upon estimation of g^ using eqn.
(3.8), an approximate value for can be found which is necessary to give
that chosen power. In summary it is advisable to start with a specified
output power value and then optimize the other parameters accordingly.
Since most laser parameters are in some way or another related to laser
power they too will need to be taken into account later. As an example
for the conventional laser described in this thesis a power of 30 watts
output is needed. Referring to Fig. (3.4) and considering a moderate
single pass loss of 6%, the gain g^ L^  ^ is approximately 1.3. If g^ is
-3 -1approximated to the value ~9.5 x 10 cm , the active laser length is 
found to be approximately 135 cm and T^p^ is about 30%.
[n
3.2.2 Waveguide lasers: power output:
The key to optimum maximum power from a waveguide laser is a proper 
mirror arrangement. By choosing an appropriate mirror radius of curvature, 
diameter and placing the mirror at a suitable distance from the waveguide 
entrance, losses of the low loss hybrid mode (EH^^) can be minimized. If 
high power is an aim in itself then the advice is to build a conventional 
laser. However waveguide lasers have other important features which 
make them attractive. For example they have 98% of energy contained in 
the central lobe of the output radiation (Degnan and Hall 1973), high gain 
per unit length and wide range tunability (Degnan 1976 and Abrams 1972). 
The optimum conditions for EH^^ coupling will be discussed in Section 
3.3.2. In general, the design procedure for a waveguide laser starts by 
specifying the laser power and using the maps generated by Hall (1980), 
assuming the resonator losses designated as A. A value of (g^L) can be 
found from Fig. 3.5(a), Then using Fig. 3.5(b) the necessary values for 
gas pressure, bore size and guiding losses may be obtained. As an
:o
EH,, PROPAGATION LOSS (cnf'ì
Waveguide laser design maps. 
(After Hall 1980)
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example: if a power of 3 watts is wanted from a waveguide laser assuming
the losses A = 0.05, Fig. 3.5(a) will give a value ~0.1 for g^L. From
Fig. 3.5(b) it can be seen that a waveguide of bore 2 mm will give an
-4propagation loss of 10 cm 
150 torr total gas pressure.
 -1 and a tunability 0.3 GHz when operated at
3.3 Single mode operation:
3.3.1 Single mode in a conventional CO, laser:
For many laser operations the TEMqq mode is desirable as it makes it 
possible to focus the beam to a very small spot (Sasnet 1984). So laser 
operation in the fundamental mode TEMqq is an optimum target for a good 
laser system. Knowledge of the diffraction loss of the different modes is 
the key to mode selection because by making the intra-cavity losses large 
for higher order modes, it is possible to prevent them from oscillating 
(Fahlen 1973). Two important phenomena should be looked at carefully at 
this point. The first is that for homogeneously broadened lines, all 
atoms participate in the gain of a single mode and further increase in 
pump power will increase the mode power. The second is that because the 
intensity of the TEMqq mode is at a maximum value on the laser axis, gain 
saturation tends to lower the gain at the axis which makes the gain of 
higher order modes large enough for oscillation. This makes determination 
of the exact value of loss for only TEMqq oscillation difficult. In any 
case, diffraction losses must be chosen without upsetting the fundamental 
mode power. Single mode operation can be achieved in a conventional laser 
by choosing a tube diameter (Dj) in such a way that only the mode TEMqq 
oscillates. As a rough guide this occurs at tube diameters of the order
3.5 u, where u is the laser beam spot size (Bloom 1968). Calculation of 
(w) will be discussed later. The idea behind this rule is that by
■,c
-;3
(1
io
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restricting the diameter to a certain value, higher order modes are 
sufficiently lossy such that they do not oscillate. For a diameter larger 
than 3.5 u a "doughnut" mode is expected which is the pair of and
TEM^q modes oscillating simultaneously but 90° out of phase. In the laser 
cavity there are two types of losses. Those associated with absorption 
and scattering of radiation by the mirrors which can be easily 
measured. Their value is expected to be in the range 0.5 - %^. The other 
type is the corresponding TEM losses (L ). The latter is due to
pq pq
diffraction losses. The total loss of the cavity can be written as:
‘■m ‘■pq
(3.9)
To estimate diffraction losses, cavity length L^, mirror radius of 
curvature R and tube diameter D-j- need to be known for the sake of 
calculating the g-factor given as follows:
- 1 - Lc/R (3.10)
The value of the g-factor can be used together with the curves given 
earlier by Li (1965) to yield a plot of the TEMqq power losses versus 
Fresnel number (N) through the following formula:
N = (3.1i:
TEMq q  power losses curves were reproduced by Fahlen (1973) for half 
symmetric cavities based on Li's work. From these curves diffraction 
losses of TEMqq and TEM^q modes can be obtained for different values of g 
(see Fig. 3.6). For the laser studied in this thesis the cavity length 
L^ = 180 cm, mirror radius of curvature R = 10 m, Dj = 10 mm, g = 0.82 and 
N = 1.3. Using Fig. 3.6 it can be found that the losses of TEMqq and 
TEM^q are 5% and 18% respectively. If a mirror of 5 m radius of curvature 
is used the losses associated with the TEMqq will be ~ 3% and that of the
(a)
:o
(b)
Fig. 3.6 : Average single pass mode loss for half symmetric 
cavity:
(a) for TEMqq mode 
and (b) for TEM^q mode.
Reproduced from Fahlen (1973).
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TEM^q mode ' 10%. If an 8 mm tube diameter is used with the R = 10 m 
focal length mirror, the results will be '12% and 35% respectively which 
indicates that the tube diameter is of greater significance for diffrac­
tion losses than mirror curvature. Calculation showed that changing 
does not have a greater effect than changing D-j-. To combine the diffrac­
tion losses with other parameters to guarantee successful single mode 
operation'Fahlen (1973) developed a criterion for mode selection. This 
was based on selecting a value of the total loss (L) that makes the ratio 
between the effective output intensity (1^) and the saturation intensity 
(I^) equal to zero, i.e. Ig/Ig = 0. The value of the ratio has been0 s
derived by Rigrod (1965) (see eqn. 3.7). According to this criterion the 
loss ratio between TEMqq and TEM^g modes is equal to
■-lo
"00
opt. 
L - L_
(3.12)
Here, g^L^ and T^p^ must be chosen so as to make L^g big or the ratio 
^10-—  large enough to prevent the TEM^g mode from oscillating. A thermal 
image plate illuminated with an ultraviolet lamp was used to display the 
oscillating TEM modes. By proper adjustment of the mirrors, PZT voltage 
and sometimes the gas pressure, it was possible to obtain single mode 
operation of the fundamental mode TEMgg. Usually the doughnut mode is 
very hard to eliminate if it appears. An adjustable camera type of iris 
was also used in the process of single mode selection which proved to be 
very effective in discriminating against higher order modes.
!o
3.3.2 Waveguide laser: single mode operation:
A waveguide laser is distinguished from the conventional laser by 
the fact that radiation is guided by the waveguide for at least some 
distance in the laser cavity (Degnan 1976; Hall 1980). For the waveguide
- 32 -
laser design most of the decisive parameters will be given in this 
section. In a waveguide laser there are three types of modes that propa­
gate in the guide (Marcatili and Schmeltzer 1964; Degnan 1976 and Hall 
1980). These have been categorized as follows: transverse circular 
electric TEq^ modes, transverse circular magnetic TMq^ modes and the 
hybrid modes, where n is a positive or negative integer whose 
absolute value gives the number of nodal diameters in the field distri­
bution and m is a positive integer indicating the number of nodal minima. 
Approximate field components of these modes have been derived {Marcatili 
et al. 1964; Degnan 1974 and Degnan 1976). Of all the above mentioned 
modes, the EH^^ hybrid one has the lowest loss. When this mode is excited 
in laser operation, 98% of the energy is contained in the central lobe 
(Degnan and Hall 1973, and Hall 1980). Because of this it is very impor­
tant to arrange the mirrors in a waveguide laser in favour of exciting the 
EH^^ mode. There are three low loss arrangements which can be used 
(Degnan et al. 1973; Degnan 1976 and Hall 1980) as follows.
I) The first arrangement uses a flat mirror placed very close to the 
waveguide (Degnan 1976). A large radius of curvature mirror can be 
used instead of the flat mirror (Degnan and Hall 1973). Mirrors 
also can be placed on plungers so that they can be moved in or out 
of the guide for frequency tunability (Degnan 1976). In these 
mirror arrangements the distance (d) of the mirror from the end of 
the guide is very important in order to minimize losses.
II) A mirror with a large radius of curvature may be placed at a 
distance in such a way that the centre of curvature lies at the 
waveguide entrance.
Ill) A mirror with a small radius of curvature placed at a distance half 
the radius of curvature from the waveguide may also be used.
i;
1
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Coupling efficiency has been described {Degnan et al.l973) in terms of
ka ^  2different parameters; a = — 8 = d/c, y = b/a and k = (see Fig. 
3.7), where a is the waveguide radius, c is the mirror radius of 
curvature, k is the propagation constant, d is the distance between 
mirrors and the waveguide, x is the radiation wavelength and b is the 
mirror radius. In Fig. 3.7, y has been taken to be 11 based on the results 
of many experiments. From Fig. 3.7 it can be seen that maximum coupling 
occurs at 6 = 0 for a = 0.296, which is case (I). For case (III) maximum 
efficiency obtained at 8 = 0.5 at a = 2.415 and for case (II), e = 1 at 
“ = 0.296. Very high efficiency could be achieved using case (I); but 
degradation of mode strength is due to increase in the distance from the 
guide or using a small radius of curvature mirror (Degnan et al. 1973).
In practical laser systems it is difficult sometimes to close the laser 
system, especially in CO2 lasers where a grating is required. In this 
case a small distance is kept between mirrors and guide. It is thought 
that loss occurs in this situation (Abrams 1972) as a result of imperfect 
coupling of the radiation to the guide after propagating to the mirrors 
and back. The losses can then be related to two reasons:
(i) The field is spread out and does not re-enter the guide 
after reflection from the mirror.
(ii) Some of the energy is converted to higher order waveguide 
modes.
It was shown by Abrams (1972) that for an optimum value («o^ /a) = 0.6435, 
98% of the energy will be contained in the lowest order gaussian mode, 
where is the 1/e value of the mode radius amplitude. From Abrams' 
study it is concluded that for mirrors of radius of curvature (c), the 
lowest loss value suffered by the mode can be achieved by placing the 
mirror at a distance (d) from the guide, calculated from the following
Fig. 3.7 : Coupling efficiency of vs. B.
(Snitzer 1961) is equivalent to EH 
of Marcatili et al. (1964).
Reproduced from Degnan et al. (1973).
11
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relation:
xd (3.13)
For c = 10 m, a = 1.5 mm and x = 10.6 pm it is found that d ~ 0.75 cm.
This is the value at which perfect matching of wavefronts with the mirror 
can be achieved. Abrams (1972) produced graphs of coupling loss versus 
( ) at different constant ratios of ( ). In the system designed in
this thesis a grating was used at one end of the guide which will be 
treated as a flat mirror. According to Abrams' study, a loss o f <2% could
be achieved for d X <0.11 which gives d = 3 cm from the guide. In Case
(II) matching is more efficient for large radius of curvature mirrors or 
small (a) since the phase front becomes more spherical as the far field is 
approached. Degnan et al. (1973) produced maps for Case II where a plot 
was made of losses versus (a = ka /c) at constant mirror aperture 
(ay = kab/c). The values of (ay) are chosen in such a way that the 
mirrors in the far field capture the large central lobe of when 
o>y = 5.52 and capture both central lobe and first outer ring when 
ay= 8.65, and central lobe plus the first two outer rings at ay = 11.792. 
Losses of EH 2^ were also included for comparison (see Fig. 3.8a).
For Case (III) coupling losses were also drawn versus mirror apertures.
A minimum loss of 1.29% was achieved at ay = 6.25, for the EH^^ mode, 
whereas EH 2^ losses reach a value of 77.98% (see Fig. 3.8b). The effect 
of the index of refraction (n) or type of waveguide material on the three 
types of mode can be obtained from the attenuation constant (Marcatili et 
al. 1964):
in
t 3
Fig. 3.8 : Losses of different hybrid modes as a function 
of mirror curvature and aperture in (a) and as 
a function of mirror aperture in (b).
Reproduced from Degnan et al. (1973).
HE^I in Snitzer's (1962) notation is equivalent
to that of Marcatili (1964), or EHir
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nm ■^nm, , x 2) ( ^ )  X
/ n ^
J(n +1)
for T^Om (n=0)
for T % m (n=0)
for E^nm (nfO)
(3.14)
where U_ is the mth root of the equation ,{U__) = 0.nm  ^ n-1 nm
A table of values is given in the work of Marcatili et al. (1964) from 
which = 2.405, " 5.52. From eqn. (3.14) it is obvious that the
attenuation constant is proportional to (^ /a ) which means that losses 
can be reduced by making a »  x. For an index of refraction n < 2.02 
which is the case for most glasses the mode dominates. As an 
example, for a hollow waveguide mode from glass n ~ 1.5 and using eqn. 
(3.14) it is found that olji = 0.886 x lO'^ dB/m and = 4.66 x lO"^ dB/m 
which means that the mode is about five times more lossy than the 
mode EH^
(Degnan 1976). There is also a special case when n is close to unity
where the TEq j^^ mode becomes degenerate with the (i-e. both
have the same propagation constant). When these combine together with the
same amplitudes and the appropriate phase they form a set of non-circula-
tory symmetric linearly polarized modes. When combined with the EH^^
modes the result is a TEM , mode similar to that obtained in a
pL
conventional laser resonator (Degnan 1976).
'ir If n > 2.02 then TEq  ^ is the mode with the lowest attenuation
3.4 Laser tube:
3.4.1 Conventional laser tube:
For a given output power. Sections 3.2.1 and 3.3.1 offer a basis to 
take a decision about the laser tube design. Three important parameters 
need to be optimized as far as the laser tube is concerned. These are
- 36
tube length, diameter and material. The effect of length and diameter is
far more important and effective in CO2 laser operation than tube
material. Length is one of the most crucial parameters for laser output
power but it must not be chosen independently of other factors such as
rate of gas flow in the tube, since the type of flow is also related to
the amount of laser power expected. In the slow flow rate situation a
temperature gradient is set up between tube centre and walls (Sasnet
1984). The predictor equation for the output power is given by eqn.
(3.1). In contrast for fast gas flow the situation is different since a
temperature gradient is set between input and output of the laser tube.
The power output is given by eqn. (3.2) as = 120 ^  = 120 p v A.  Here
is the gas flow rate, p is the gas density, v the gas velocity and A is 
dt
the tube cross-section. It can be said that length is most important for 
slow flow while tube diameter is of special importance for the case of 
fast flow systems. A rigorous way to determine the active tube length 
(Fahlen 1973) is to make use of the small signal gain (g^) (see section 
3.2.1). Goldsborough (1972) suggested the selection of the tube length 
(L) and diameter (Dj) in one process by assuming the bore to be equal to 
(KL^). In doing so the mode size is kept constant since the mode width is
proportional to (L^). Typical values of k (Goldsborough 1972) for CO2
-? 2klasers is ~ 1.4 x 10 and g^L^ ~ 3 dB/m. Using g^L^ = g— , it is possible
to optimize the length of the laser tube for the best small gain signal.
Of course it should not be forgotten when choosing Dj, its importance for 
single mode operation, as discussed in Section 3.3.1. It was found that 
for diameters larger than four times the beam waist a doughnut mode will 
be excited (Goldsborough 1972). For bores that are too small mode distor­
tion occurs in a form of rings at the outer edge of the beam. Generally 
speaking a doughnut mode is set up for tubes with internal diameters 
mm. This is due to the fact that the gas at the tube centre becomes
in
io
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hotter than at the walls (Woods 1976). For a certain diameter there is a 
threshold value of discharge current, pressure and tube length. The 
relations are as follows: pressure and voltage/length is inversely 
proportional to diameter while current is proportional to the diameter. 
When the right proportions of these parameters are not selected, 
fluctuation (noise) might occur in laser power or frequency due to 
acoustic oscillations (Goldsborough 1972). Suzuki (1970) has managed to 
reduce this type of noise by dividing the plasma tube into short parts.
As far as design is concerned some typical values for different laser 
parameters were given by Goldsborough for different laser types. For CO2 
lasers the relations take the following forms:
PD^  = 50 13.15)
where P is the CO2 partial pressure in torr and Dj is the inner tube 
diameter in mm.
(Discharge voltage/cm) x Dy = 2000 (V cm -1mm)
with Dy in mm also, and
I/Dy = 2.5 mA mm -1
(3.16)
(3.17)
These relations will be used and applied in the following sections. 
The last parameter concerning the laser is the actual tube material. The 
first requirement for a suitable material is to be capable of maintaining 
low pressure and does not outgas (Goldsborough 1972). In general CO2 
laser tubes are fabricated from glass. Fused silica was found (Witteman 
1966) to be better than pyrex as the latter is found to outgas as the 
discharge is struck. Thick wall capillaries are not desirable as a 
temperature gradient will build across the capillary wall (Goldsborough 
1972). The capillary should be surrounded with a cooling water jacket
io
with enough volume to allow proper cooling of the laser. In the system 
described in this thesis a commercial pyrex tube of active discharge 
length '150 cm and 10 mm diameter was used for the conventional 30 watt 
laser. The length as calculated in Section 3.2.1 is 135 cm to give 30 
watts output power. Outgassing from the pyrex material was noticed and a 
warming up period of 10 min was allowed before introducing the gas mix 
into the tube.
3.4.2 Waveguide laser tube:
As has been seen in Section 3.3.2 the attenuation constant (“ ]]) of 
the lowest order hybrid mode depends on the internal bore of the
dielectric guide, index of refraction and radiation wavelength. The 
waveguide diameter has to be chosen for an optimum coupling efficiency, 
alongside other parameters and mirror arrangements (see Sections 3.2.2 and 
3.3.2). In this section other factors such as thermal expansion and 
conductivity, smoothness, straightness and ease of construction are taken 
into consideration. Hall, Gorton and Jenkins (1977) have performed a 
study on the variation of attenuation constant ( “ ^ i) of the lowest order 
mode (EH^^) for the three different dielectric materials: pyrex, alumina 
and beryllia. Their results are given in Fig. 3.9 which shows a dis­
crepancy between the theoretical and measured curves for both pyrex and 
alumina. This is thought to be as a result of additional losses due to 
roughness, lack of straightness or minute contamination on the guide's 
wall. It is advisable to clean the guide wall before fitting it into the 
laser system. Three materials have been checked for transmittance (pyrex 
n = 1.474, quartz n = 1.458 and soda lime n = 1.512). No significant 
difference was found between the different materials (Sawartani and Kapany 
1970), The most promising material for waveguide lasers is boron nitride 
(BN) which is considered to be safe, easily and precisely machineable to a
■3
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Fig. 3.9 : Attenuation constant (“^^) vs. tube diameter
(after Hall et al. 1977). The dashed line sets 
a limit on the measurements imposed by laser 
stability and power measurement accuracy.
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smooth surface (Papayoanou 1977). Moreover it has a good thermal conduc­
tivity which is important for proper cooling. Its thermal expansion is 
lower than all other materials. The author claims that no frequency 
stabilizer is needed if boron nitride is used as a waveguide material.
In the present work a pyrex waveguide 3 mm i.d. and 5 mm o.d. has been 
used for the waveguide laser. Pyrex is an inexpensive and readily 
available material and proves to be satisfactory. Three 1 mm diameter 
holes were drilled at points along the tube. These holes drilled from the 
same side are 21 cm from a central hole, giving an active discharge length 
of 42 cm. The holes were made using an ultrasonic drill. It is found
that placing a nylon insert of the same diameter as the tube bore into the
waveguide permits round holes to be made and prevents chipping of the 
pyrex. After drilling, the nylon was removed and the guide carefully 
cleaned. Hall et al. (1977) found that four holes of 1 mm diameter had a
negligible effect on transmission. The guide was then inserted within its
water jacket and the electrode-gas feedthroughs were vacuum sealed using a 
silicone based rubber glue. This was found to be very satisfactory and 
gives the necessary flexibility to avoid strain in the waveguide. The 
constructed laser tube is shown in Fig. 3.10. The total length of the 
guide is 57.5 cm. Waveguide laser tube lengths range from 10.8 cm 
(Willetts and Hartwright 1978) to '60 cm (loli et al. 1980). It is not 
advised to construct long waveguides because of the possibility of being 
bent. Losses are expected to increase with length (Hall et al. 1977).
•?3
3.5 Laser electrodes:
Electrode materials should satisfy certain properties for successful 
laser operation. Intuitively, electrode materials should be inert to the 
gaseous components involved in the gas mixture. Other properties (Hochuli 
and Sciacca 1974) such as very low sputtering rate, having a minimum of
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negative ions in the sputtered products and consuming no oxygen, are of 
great importance for a problem-free laser. The parameters involved can be 
categorized as follows: gas composition, current density, temperature and 
composition of cathode surface involved. Depending on the situation of 
the above mentioned parameters, certain processes will occur in the laser 
tube both good or bad. Some of these can be easily controlled such as gas 
composition. The current density depends on the geometry of the cathode 
and temperature of the electrodes can be controlled by thermal isolation 
or cooling depending on what is best for laser performance. The compo­
sition of the cathode surface is a complex matter. The most serious 
problem created by laser electrodes is sputtering of the cathode material 
(Smith, Shield and Webb 1983; and Hochuli et al. 1974). Sputtering 
results in the deposition of a non-desirable conducting film near the 
cathode. If gaseous compositions of the cathode materials are formed they 
will travel down the tube colliding and condensing upon the laser tube 
walls and optical components. Condensation usually results in power 
degradation (Smith et al. 1983). From the experience of Smith and Browne 
(1974) cathodes act as an active catalyst to the reaction:
: 3
CO + 0
For example platinum (Pt) was found to create a density gradient across 
the tube. Their result showed 54% dissociation away from the cathode and 
10% near the cathode. In the following a brief account will be presented 
of laser electrode performance based on the experimental studies of 
Hochuli et al. (1974) and Smith et al. (1983). The results were obtained 
in a sealed CO2 laser using CO^, He, N2 and Xe mixtures unless otherwise 
specified.
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(1) Gold: gold sputters very badly with lifetimes surprisingly short in 
comparison with other materials.
(2) Silver: this material was found to behave badly in He-C02*N2"X6 
mixtures; but its behaviour was completely different when N2 was 
replaced by CO whereupon a visually dark spot was formed at the 
cathode. Eventually it becomes very dark corresponding to complete 
oxidation. The spot then moved to a new position and so on. When 
the temperature was about 200 - 300°C it was found that the first 
spot clears as a result of dissociation of the oxidization layer.
A silver cathode has a long lifetime and is sputter free. The only 
snag is the moving spot which introduces electrical instability.
Other silver components such as Ag-CuO were found to work well; but 
with the moving spot problem.
(3) Copper cathodes: copper cathodes perform very well in He-C02“C0-Xe 
mixtures. A moving spot was formed at high current densities. 
Sputtering occurs at low current densities and is confined to the 
cathode region only. Surprisingly, copper performs well only with 
the exclusion of N2 from the mixture. This fact was noticed by Smith 
et al. (1983) and Hochuli et al. (1974). The reason for this 
behaviour is not clear. Pure copper produces moderate sputtering, 
copper-zirconium produces light metallic deposits, and copper-nickel 
produces brown deposits.
(4) Nickel, Holybdenun and Tungsten: these materials sputter lightly and 
form deposits along the capillary as a result of carbonyl (i.e. 
Ni(CO)^, Mo(C0)g and W{C0)g formed in the gaseous state at '180°C 
which travel along the tube to condense on the tube walls and optical
(j
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components. This results in a loss of CO molecules from the gas 
mixture. As a result more CO2 dissociation follows hence a net CO^ 
gas loss.
(5) Zirconium, Aluminium and Tantalum; these metals oxidize due to the 
availability of oxygen from CO2 dissociation. A1 has the highest 
oxidation rate. This also results in the removal of CO2 from the 
discharge. The sputtering rate for these metals is low and no traces 
of cathode metals are found in the tube. But the large oxidation 
rate makes these metals unacceptable as electrodes for long life 
laser operation.
A
(6) Platinum and Platinum-Rhodium (90-10): both metals showed low loss 
of CO2 molecules although sputtering was heavy for both materials.
(7) Stainless steel: CO2 loss was low and comparable to that of 
platinum. There was no sputtering. Smith et al. (1933) concluded 
that stainless steel, especially Type 304 which contains { Cr 18%,
Ni 10%, 0.5-1% Si, 1-2% Mn and the balance Fe) will make the best 
electrode for CO2 lasers. The use of copper is considered to be 
undesirable.
The problem of CO2 loss and deposition of cathode material on the 
tube walls can be reduced by pumping out the gas near the cathode and 
having the gas flow direction from anode to cathode. This sort of 
arrangement is adopted in the present work. In the conventional laser 
described in this thesis nickel electrodes are used. For the waveguide 
laser thoriated-tungsten electrodes were used such as are used in argon 
arc welding (as recommended by the University of Nijmegen, Holland).
in
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3.6 Optical components:
Optical components such as mirrors, gratings and Brewster windows 
determine the laser output power and final laser beam shape. Great care 
must consequently be taken when choosing them. Ideal properties of window 
material (Duley 1976) are: lower absorption coefficient at the laser 
operating wavelength, high thermal conductvity and low thermal expansion, 
high heat capacity, excellent polishing properties, suitable for die­
lectric coating, and its refractive index is independent of temperature.
It is difficult to find a material that satisfies all these properties 
perfectly, but it is possible to find a material that can satisfy many of 
them.
3.6.1 Mirrors:
Mirrors are the most important of optical components as their 
transmission determines the power from the laser. Care must be taken to 
select the right coating for the relevant laser wavelength. Beam shape is 
mostly determined by the mirror radius of curvature (R) and mirror 
separation (L^) (Fahlen 1973). When larger radius of curvatures are used 
frequency fluctuations occur due to mechanical perturbations (Sanderson 
and Streifer 1969). As far as mirror separation is concerned, a 
correction is needed if an object such as a Brewster window is placed in 
the way of the beam (Fahlen 1973). Cavity length correction will be more 
important for short cavities. For a cavity of length and an object of 
width and index of refraction (n) placed perpendicularly to the beam, 
the effective length is given by (Fahlen 1973):
In
'■eft - (3,18)
In the system described in this thesis a Brewster window placed at an 
angle (i) with respect to the laser beam has a width of and the
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effective length will be given in the following form:
“-eff " ‘-C ■ '■n*^  ■ (3.19)2 . 2 . n -sin 1
which will give for a cavity length of 200 cm an effective length of 
200.04 cm which is a negligible difference as mentioned before for long 
cavities. The most important issue of mirror selection will now be 
considered. Depending on the type of laser and cavity length it is 
necessary to be able to choose a mirror with a certain radius of curvature 
value. The starting point for the determination of mirror radius is to 
calculate the mode sizes on both laser mirrors using the following formula 
(Boyd and Kogelink 1962):
RoL.
(3.20)
'^iR2-Lc
where <*)j is the mode radius on mirror 1, and R2 are the radii of 
curvature for mirrors m^ and m2 respectively, is the cavity length and 
X is the laser wavelength. For “2 calculations the subscript 1 is 
replaced by 2. Then these values need to be compared with the laser tube 
diameter and should be three times less than any apertures used in the 
laser system. The above situation is for two curved mirrors; but if a 
curved and a plane mirror are to be used, mode radii can be obtained from 
the following formula (Bridges and Chester 1965A):
R^L0. = ( * ) 2  ( _ c  ) ( 3 2 1 )
R^L^
■p • '-cl'-'-c' I5 - « I
where “ and “ are the mode radii on the curved and plane mirror c p
respectively. It is worth mentioning here that the best arrangement for 
the plane mirror, or in the system to be described the grating^ is to
m
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be at a distance < R of the curved mirror. A disadvantage of this 
arrangement is that the light cone might not fill the laser tube all the 
way down (Goldsborough 1972). Again the g-factor given by eqn. (3.10) can 
play an important role in selection of a suitable mirror radius. So by 
choosing the best value of g which will give a reasonable diffraction loss 
leading to single mode operation, R can be evaluated. Then all values of 
u , Up and bore can be compared. The two mirrors used in the work to be 
described are of 10 m radius of curvature and give a beam radius of
u = 2.14 mm and u = 3.60 mm. The 5 m mirror will give u„ = 2.17 mm and c p  ^ c
Up = 2.85 mm. These values go quite well with the tube of diameter 10 mm, 
as the tube diameter is not larger than 3.5 times the spot size. As far 
as the waveguide laser is concerned there is a special mirror arrangement 
as discussed in Section 3.3.2 according to which the radius of curvature 
will be selected. For the work described here a 10 m radius of curvature 
was used successfully for the waveguide laser. A gap of '0.75 between 
mirror and guide tube is maintained as calculated in Section 3.3.2. 
Germanium mirrors 4 mm thick, 25 mm diameter and 80% reflectivity have 
been used in both conventional and waveguide lasers.
3.6.2 Grating:
Taking into consideration the different types of isotopes of CO2, 
the carbon-dioxide laser can oscillate on a large number of vibrational- 
rotational transitions amounting to as many as 400 lines (Duley 1976).
As a consequence of the high gain of the laser many lines may oscillate 
simultaneously. So a line selection component is a necessity in the laser 
although some of the laser power will be lost by the dispersive element 
(Degnan 1976). Gratings can be used more successfully in CO^ lasers than 
any other type of laser because of their high gain (Goldsborough 1972). 
Properties such as low loss at the selected line wavelength, a high degree
of wavelength selectivity and adequate spectral range must be maintained 
in the wave selector employed (Hard 1970). The grating equation can be 
written in the form
m X = d(sin i + sin r) (3.23)
where m is the diffraction order, x wavelength, i angle of incidence, r 
angle of reflection and d is the grating line separation. An interesting 
situation is when r = i then.
"'l ’ (3.24)
where L stands for the Lithrow configuration. Low losses and high selec­
tivity at the desired wavelength x can be achieved by making d small (Hard 
1970). The groove profile (blaze angle of the groove) will determine the 
intensity distribution of the reflected light in different directions.
It was found in the visible region that grating efficiency (Hard 1970) is 
high when the incident light polarization is perpendicular to the grating 
grooves. Generally it follows that the best efficiency of the grating 
occurs for radiation at an incident angle greater than the blaze angle.
For the 30 watt conventional laser a replica grating on a copper substrate 
was used with 100 lines/mm and blazed for 10.6 pm. For the 3 watt wave­
guide laser a replica grating on a quartz substrate with 150 lines/mm 
blazed for 10.6 wm was used. Gratings should be handled with care and 
their surfaces must not be touched under any circumstances. Cooling of 
the grating to prevent damage from excessive heating was found unnecessary 
although a small air fan was included in the conventional laser design.
3.6.3 Brewster window:
Brewster windows are used to obtain low transmission loss. The 
windows are placed at an angle such that tan 6 = n where n is the index of
47 -
refraction of the material from which the windows are manufactured. 
Insoluble materials are preferred although windows made of different salts 
(e.g. NaCl) have been used by Woods et al. (1976). It is possible to use 
two windows, one at each end of the laser tube (Crocker et al. 1981). But 
one Brewster window is preferred for two reasons: firstly, absorption and 
scattering is kept to a minimum, and, secondly, any misalignment in one of 
the Brewster windows can cause frequency instabilities. lO'^ radians of 
window tilt can cause 0.5 MHz frequency shift (Woods et al. 1976). As far 
as diffraction losses are concerned Brewster angle tolerances up to '1° 
are acceptable without causing significant losses (Goldsborough 1972). 
Other properties of the windows are also relevant such as their thermal 
expansion and flatness. Even a very small sphericity in the window can 
produce a lens effect. This is also caused when the window absorbs power 
even at the level of milliwatts. The effect appears in the form of mode 
distortion (Goldsborough 1972). Brewster windows must not be stressed 
since this can cause birefringence. In this case the easiest way is to 
glue the window to the quartz tube suitably cut at the Brewster angle, but 
the window might be wasted if the fragile waveguide is accidentally 
broken. A special adapter was designed for housing the Brewster window.
To reduce the stressing effect a very soft "0" ring was made from silicone 
based rubber glue by filling a mould engraved in a nylon block then 
flattening it with a steel blade and then leaving it to form for about 6-8 
hours. This procedure was found to make a very flexible "0" ring for 
Brewster windows. It was found that silicone based rubber can be used 
safely to glue Brewster windows and it can be peeled easily off glass and 
other window materials. Brewster windows can be located (to advantage) 
very close to the waveguide where the wave curvature is weak, thereby 
reducing astigmatism (Lyszyk 1977). For both lasers a ZnSe window was 
used. Windows made from this material have the following properties
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(Duley 1976):
thermal expansion 7.7 X 10'^/°C
thermal conductivity 13 x 10 ^W/cm °C
heat capacity 2.646 J/cm'^
-3 -1and an absorption coefficient ~6 x 10 cm at 10.6 pm.
ZnSe is chemically stable. Windows must be kept clean to avoid both 
scattering and absorption of laser radiation. ZnSe windows can be cleaned 
with acetone-wetted lens tissue papers. ZnSe is a toxic material and so 
must not be touched nor its vapour inhaled.
3.7 Mechanical Structure:
When all dimensions of the laser components are decided, the 
mechanical structure can be designed. Its importance is to hold all the 
components together and allow for easy access and optical alignment (see 
Fig. 3.11). It must maintain the condition of low thermal expansion.
For both laser systems aluminium has been used to form the backbone base.
A simple rule for choosing the material for the laser structure is the 
ratio of the thermal conductivity to that of thermal expansion 
(Goldsborough 1972). Large values of this ratio means that the metal can 
dissipate heat rather than expanding by absorbing it. For aluminium this 
ratio is ~10^ watt/m at room temperature. However in the present design 
the length used imposes a limit on the distance of the output coupling 
plate which accommodates the mirror and the grating at the far end. The 
output coupling plate can be positioned by three adjusting screws thereby 
adjusting the mirror (see Fig. 3.12). The laser tube was held by spring 
loaded tufnol holders (see Fig. 3.11). A rotating table, Oriel Type 1641, 
was adapted for grating rotation in conjunction with a fine motion motor 
for the micrometer rotation. The motor, not shown in Fig. 3.13, was 
capable of rotating the grating clockwise or anti-clockwise. In Fig. 3.13
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only the rotation axle is shown. The rotor was fitted to sit on the two 
bottom invar rods (see Fig. 3.13). The L-holder near to the output 
coupling plate was fastened to the base of the laser and at the other end 
the invar rods were suspended using flexible phosphor bronze sheets (a 
stack of five sheets each 0.5 mm thick) and short aluminium posts as shown 
in Fig. 3.13. The grating was held in a specially constructed grating 
housing sitting on three spring loaded pins for proper alignment in an xyz 
plane. The laser tube was closed at one end by an adapter housing a ZnSe 
Brewster window and at the other end with a bellows welded to the mirror 
holder. The mechanical structure of the waveguide laser is very similar 
except for the grating. In this case the normal to the grating can be 
rotated around an axis perpendicular to the laser beam in the plane of 
incidence (see Fig. 3.14). Mirror and grating separation was limited 
using three quartz tubes enclosed by aluminium tubes which act as a guard 
as well as provide a measure of thermal isolation. The quartz tubes were 
closed with stainless steel cups with vee circular or conical cuts to 
allow for easy mirror-grating alignment.
3.8 Discharge and d.c. supply:
The amount of current (I) required to sustain the laser gas dis­
charge depends on the value of the laser tube bore since I is linearly 
proportional to diameter (Goldsborough 1972). The predictor equation can 
be written in the form of (I/Dj) = 2.5 mA mm*' where Dj is the bore in mm. 
The optimum current was found to be independent of the gas pressure and 
the cooling liquid temperature (Bridges and Patel 1965B). On the other
hand there is a linear dependence between population inversion and
11 -3current density up to 10 cm where electron excited helium becomes a 
loss mechanism (White and Gordon 1963). Usually a d.c. supply is used 
to excite the discharge, but a rectified but unfiltered voltage proved
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(Patel, Tien and Mcfee 1965) to increase the laser power. Voltage-current 
plots (Goldsborough 1972) of the gas glow discharge showed that the laser 
tube has a negative resistance and in order to maintain a discharge in the 
tube a larger positive resistance, called the ballast resistance, must be 
connected in series with the anode. As (I) is increased the tube 
resistance decreases gradually and a smaller value of ballast resistor is 
required. The opposite is true as I is decreased. Apoint is reached when 
a ballast resistance is not enough and instabilities are expected in the 
discharge. The discharge colour is normally blue-red with a redder colour 
near the anode. Formation of CO in the discharge is checked by the 
appearance of a blue tint (Smith 1969). Blue striations appear clearly at 
a pressure of ~0.1 torr indicating CO2 dissociation through the equation
2C02 2C0 + 0.
A loss of CO^ can reach 30% under these circumstances. The CO^ disso­
ciation rate increases with current and decreases with gas pressure. At a 
pressure of 15 torr and current of 40 mA it is of the order of 15% and 
larger than 65% for 4 torr pressure and 10 mA (Smith 1969). The existence 
of H^O in the discharge can be checked for by looking out for a redder
discharge; when Pn q is increased the colour becomes faint and normally 
2
the discharge dies at about 1 torr. An approximate value of the required 
discharge voltage (V) and current (I) can be obtained from the following 
formula (see eqn. 3.16):
(V volts/cm) X Dy(mm) = 2000
The supply used in the system reported here gives an open circuit voltage 
of 38 kV and has an internal ballast resistance of 300 kn. The supply 
incorporates a potentiometer for current adjustment. When the supply 
current is increased, the voltage across the laser tube was found to drop
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i.e. constant current generator. The supply contains a facility for a 
piezo-electric tube voltage supply and an optogalvanic sensor for 
frequency stabilization. Early trials of the discharge in the waveguide 
laser was achieved using a 15 kV, 8mA supply. The middle electrode (see 
Fig. 3.10) was connected to the high tension (negative polarity) of the 
supply and each of the side electrodes were connected through a 1 M 
ballast resistance to the earth line. Other arrangements such as 
connecting the ballast resistance with the cathode line or connecting both 
the side electrodes to the same ballast resistance failed to give a stable 
discharge. At pressures larger than 30 torr discharge instabilities set 
in. These instabilities can be checked by increasing the ballast 
resistance, but at the expense of the necessary discharge current. The 
alternative solution is to use a higher voltage power supply.
3.8 Gas pressure and flow rate:
Gas mixtures used in conventional lasers are CO2, N2, He and Xe.
The role of each of these gases was discussed in Chapter 2. The best 
ratios (Smith 1969) are 6% CO2 , 12% N2 and 82% He. Other ratios can also 
be used. In the system studied a ratio of 6% CO2, 24% N2 and 70% He 
proved very successful. The optimum pressure depended on the threshold 
value determined by the diameter of the plasma tube. This follows from 
the fact that the current is affected by the value of bore diameter. A 
simple rule as mentioned before is Pd = 50 torr mm, where P refers to the 
partial pressure of CO2 (Goldsborough 1972). The right pressure value 
must be maintained in order to avoid CO2 dissociation which can be as 
large as 50%. It was found that dissociation decreased with an increasing 
flow rate of the gas. This results in the removal of hot gas and other 
gaseous products even before they dissociate. Increasing the flow rate 
with pressures up to 10 torr can increase the power output but no further
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advantage is obtained at higher pressure (Smith 1969). To get rid of 
chemical reactions in the tube (Goldsborough 1972) the gas must pass 
through the laser tube in not more than 0.2 s. By taking a flow of about 
100 1/h, calculations were carried out using a normal calculation 
procedure explained in Brooks Corporation Catalogue (1984 copy). Four 
flow meters were selected to suit the flow of CO2, N2, He and Xe. The 
flow meters are connected to a mixing chamber which supplied the laser 
through a needle valve, with a pressure gauge positioned as shown in Fig. 
3.15. Early tests of the laser in operation were performed using a 
pre-mixed gas of 70% He, 24% N2 and 6% CO2. The mixing system was used 
for both lasers and the flow rate to each laser could be adjusted 
independently through the needle valve connecting the laser tube to the 
mixing chamber. The gas manifold was pumped prior to refilling using the 
same rotary pump as used to pump the waveguide laser. The flow rate was 
such that the gas was changed 120-150 times/min when the laser was 
operated at a pressure of 20 torr. Separate gas cylinders were not used, 
rather only the premixed gas for reasons of low cost.
3.10 Cooling the laser tube:
Experiments by many authors, for example Thomas et al. (1969),
showed that a temperature gradient exists between laser tube centre and
its walls. This can be as high as 300°C. The gain of the laser is pro- 
-3/?portional to T . Bridges and Patel (1965B) managed to increase the 
gain by 1.5 times when cooling the laser tube from +40°C to -60°C.
This shows the importance of cooling for effective laser operation.
The decrease in the gain is due to the filling of the lower laser level 
thereby decreasing the population inversion (Sasnet 1984). Thomas et 
al. (1969) managed by proper cooling and pumping to obtain a power of 
140 watts from a laser tube only 10 cm long and 1.35 cm diameter.
According to their calorimetric calculation 8% of the input energy was 
transferred to the cooling water. Frequency tunability can be increased 
by cooling (Lyszyk et al. 1977). The two laser systems described in this 
thesis were cooled using tap water. As an extra safety precaution the 
water was made to pass through a pressure trip switch which cuts the power 
off the power supply in case of water failure.
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3.11 Alignment of the resonator:
Proper alignment of the laser resonator is critical for laser 
operation. The first target of laser operation is to achieve what is 
called a near-alignment and once the laser is oscillating further 
alignment can be carried out for optimum power output and single mode 
operation. Depending on the type of resonator being used the alignment 
operation can be described as simple or difficult. As a simple rule in 
mirror alignment the oscillating mode axis must lie on the line joining 
the centre of the two mirrors if both concave, or the perpendicular to the 
surface of the plane mirror and the centre of the concave mirror (Bloom 
1968). The optimum condition of course for optimum laser power output is 
that the line joining the mirrors lies in the centre of the tube (Sinclair 
1964). Assuming two concave mirrors of radius of curvature R-j and R2 at a 
distance apart, then if one of the mirrors is tilted by an angle e, 
assuming small angle approximations, the mode will be displaced a distance 
"X" on this mirror (Bloom 1968), given by;
R)(R 2” c^ ^ ®
X = (3.25)
R) . R2 -
On the other mirror the mode displacement is given by: 
Y =
R^R20
(3.26)
«1 ^ «2 - Lc
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From these relations it is easily seen that the confocal assembly is the 
easiest to align as X = 0 and Y = Re. In this case the two mirrors can be 
moved independently for achievement of optimum power. For long radius 
mirrors a method called a "walking procedure" is advisable. One mirror is 
adjusted until power is reduced by 3 dB of the peak value, then the other 
mirror is adjusted along the same axis until the power is at a maximum.
If the power is larger than the one adjusted at the commencement, then the 
process can be repeated in the same way. If the power is reduced then the 
process is reversed along the other direction. Alignment of the laser 
systems in this work follows the alignment procedure necessary for a hemi­
spherical cavity although in this case a grating was used instead of a 
plane mirror. The following steps were followed for optical cavity 
alignment:
(1) A He-Ne laser beam was passed through a pin-hole drilled in a plastic 
disc closing one end of the laser tube and through a pinhole in a 
second disc made with the dimensions of the mirror and temporarily 
placed in the mirror holder. The light spot had to look sharp, clear 
and free of any scattering.
(2) The laser tube was then removed and if the laser beam passed through 
the centre of the tube, the beam was then found to pass through the 
hole in the plastic disc in the mirror holder. If it did not, then 
the beam was guided by the tube and the light spot seen was the 
result of internal reflection. In that case steps 1 and 2 had to be 
repeated until the aim was achieved.
(3) The laser mirror was then placed in the mirror holder instead of the 
disc with a centre hole. Screws were then adjusted until the 
smallest diameter spot was achieved and made to coincide with the
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incident beam. This procedure guaranteed that the mirror reflected 
radiation along the laser tube centre.
(4) The grating was placed in its holder and rotated to face the laser 
beam to make an angle of 90° with the incident He-Ne beam. The three 
adjusting screws on the grating mount base were then adjusted until a 
situation was reached where all the fringes from the rotatable 
grating passed over the pin hole position. The He-Ne laser beam that 
emerged then illuminated a white screen with a pinhole in front of 
the He-Ne laser. This step was easily and quickly achieved by using 
a small T shaped spirit level to align the grating. In the case of 
the waveguide laser this step was taken before setting the mirror in 
place since the grating rotates around an axis perpendicular to the 
place of incidence. The grating is then removed and the output 
mirror is placed in its holder and the best focusing situation is 
located as mentioned earlier.
(5) Final adjustments of grating and mirror were carried out with the 
laser in operation, checked to be operating at optimum power and in 
single mode.
3.12 Laser performance:
The two lasers constructed were optimized for their best perfor­
mance. The conventional laser oscillated at pressures from 10 torr and 
up to ^25 torr. It oscillated on all four branches of the spectrum 
(00^1-10^0) and (00®l-02®0 ) giving the following results:
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Branch Pressure (torr) No. of oscilli
P(OOl-lOO) 12 17
R(OOl-lOO) 12 16
P(OOl-lOO) 16 19
R(OOl-lOO) 16 19
P(001-02°0) 12 14
R(001-02°0) 12 9
P{001-02°0) 16 16
R(001-02°0) 16 9
The best stable and spark-free pressure was found to be in the range 
10 to 25 torr. When the grating was used as a mirror (i.e. perpendicular 
to laser beam) the line P(20) of the (001-100) transition dominated which 
gave a power of about 8 watts. When the grating was rotated to the 
corresponding angle of P(20) the power was about 24 watts. Reducing the 
pressure gave discrete and well separated lines since many lines stopped 
oscillating. Single mode operation was easier to obtain with a mirror of 
SOX transmission and 10 m radius of curvature in contrast to a 90X mirror 
of 5 m radius of curvature. The power supply used for the conventional 
laser was a constant current generator. Hence maximum power was obtained 
at the lowest current which gave the maximum voltage drop along the laser 
tube. For example, at a gas pressure of 12 torr the laser oscillated on 
the line P(20) with a current of 12 m, a voltage V = 11.4 kV and gave 10 W 
output power. When the current was increased to 28 mA, the voltage 
dropped to 9.4 kV and the power was reduced to about 1.2 watts. In 
another experiment the laser was operated at a gas pressure of 16 torr, 
again using the line P(20): I = 12 mA, V = 15.5 kV and the power output 
was approximately 20 watts. When I = 28 mA, V = 12.8 kV, the power output 
dropped to about 10 watts. In the initial work with the conventional
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laser a problem was encountered when the electric field of the radiation 
was parallel to the ruling of the grating. It was found that with = 
18 watts, about 14 watts was delivered in the zero order diffraction 
pattern of the grating. When the Brewster window was rotated 90° in such 
a way that the electric field of the radiation is perpendicular to grating 
rulings, the side power was reduced to less than 1 watt and the output 
power increased from 18 to ~24 watts. This is due to the enhanced 
efficiency of the grating. The reason is not obvious; this was also 
noticed by Hard (1970) in the visible region of the spetrum (see Section 
3.6.2).
The waveguide laser was operated using a simple power supply without 
smoothing. With careful alignment, a power of 2.8 watts was delivered 
with 3.5 kV applied across both branches of the discharge. The tube 
current was 5.4 mA. The capability of the available supply was 12 kV and 
8 mA. The optimum pressure for the waveguide laser was 50 torr. The 
efficiency and hence the power of the laser would be raised by using a 
better supply and operating at a higher pressure. It is concluded that 
both lasers operated satisfactorily in terms of oscillation on the laser 
lines intended and in respect of their power output.
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Chapter 4
The optogalvanic effect
4.1 Introduction:
The optogalvanic (OG) effect is simple, inexpensive, sensitive and 
has found many useful applications. It has been used successfully in 
spectroscopy (Goldsmith and Lawler 1981; King and Schenck 1978; Zalewski, 
Keller and Apel 1981; Webster and Rettner 19838). In fact OG spectroscopy 
has proved to be a good alternative to other spectroscopic methods and 
indeed has successfully overcome a number of the experimental problems 
(Goldsmith et al. 1981). For example OG spectroscopy is important in 
studies of noble gases when direct absorptive transitions from the ground 
state require vacuum ultraviolet spectroscopy. It is also a good alterna­
tive to absorption spectroscopy where intensity fluctuations of the order 
'1% cannot be avoided. In fluorescence spectroscopy where the fluorescent 
signal is weak, OG spectroscopy is a useful alternative method. However 
the optogalvanic effect (OGE) has limitations of its own, in particular 
discharge noise (Moffatt and Smith 1981). OGE spectroscopy can also be 
used to avoid the need for special experimental equipment such as low 
noise detectors, interferometric-quality optics or high quality polarizers 
(Lawler, Ferguson, Goldsmith, Jackson and Schawlow 1979). To get an idea 
of the sensitivity of OGE spectroscopy, some comparative examples will be 
given. Firstly the OGE has been used in analytical flame spectroscopy 
(Turk, Travis and Devoe 1978) with a detection sensitivity less than one 
part per billion (1 ppb). Concentrations of sodium as small as 1 ngr/ml 
have been detected in flame absorption spectroscopy by Zalewski et al.
(1981). Secondly, in an isotope ratio-analysis experiment, Keller,
235Engleman and Zalewski (1979) measured concentrations of U as small as
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ft 310 atoms/cm . Thirdly, the OGE has also been used in RF discharges 
(Vasudev and Zare 1982) f fourthly, in two-photon spectroscopy (Goldsmith, 
Ferguson, Lawler and Schawlow 1979) and fifthly in Zeeman spectroscopy 
(Beverini, Galli, Inguscio, Strumia and Bionducci 1983). In this chapter 
the use of the OGE is described for the purpose of CO^ laser frequency 
stabilization. Such an application of the OGE has been very successful 
(Kavaya, Menzies and Oppenheim 1982; Moffatt and Smith 1979; Moffatt and 
Smith 1981; Skolnic 1970 and Walsh 1985). In the rest of this chapter the 
theory of the OGE associated particularly with CO2 laser discharges will 
be discussed. The method of OG signal detection together with the OG 
sensing circuit is given in Section 5.3. Simultaneous detection of laser 
oscillations using OG and OA techniques will be presented in Chapter 6.
4.2 The optogalvanic effect:
The OGE was first discovered by Penning (1928) when one discharge 
tube was irradiated by another. It was observed subsequently in a CO^ 
laser discharge by Rigden and Moeller (1966) who noticed a variation in 
the colour of the plasma accompanied by a change in the discharge current. 
The OGE shows itself as a change in the laser tube impedance resulting in 
a voltage change across the tube upon irradiation with a strong optical 
radiation field (Smith and Moffatt 1979B; Goldsmith and Lawler 1981; 
Webster and Menzies 1983A; and Doughty and Lawler 1983). Laser tube 
impedance can be thought of as composed of two parts (Carswell and Wood 
1967). The first part is current dependent z(i) and the other intensity 
dependent (z'). By changing the laser intensity the laser impedance (z‘) 
will change by say (az') bringing about a change in the total laser 
impedance. In discharge tubes containing atomic vapours when a radiation 
field illuminates the discharge at a frequency that is coincident with an 
atomic transition, a change in the equilibrium condition of the discharge
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occurs, hence the discharge electrical properties change. Several ioniza­
tion reactions can play a role in producing the effect. These frequently 
involve collisions between metastable atoms (Goldsmith et al. 1981).
The increase of the discharge current can be seen as a result of atoms 
being excited from levels of small ionization probability to levels of 
higher ionization probability from which they are more easily ionized.
The opposite effect can also occur. Many models had been formulated to 
give a phenomenological account of the OGE (Pepper 1971; Erez, Lavi and 
Miron 1979; Lawler 1980; Doughty and Lawler 1983; and Moffatt and Smith 
1984). In this thesis the model that has been suggested by Moffatt et al. 
(1984) which is mostly concerned with the OGE in CO2 lasers will be 
discussed. Three mechanisms are thought to be responsible for the OGE 
(Smith and Brooks 1979A). These are as follows: gas temperature change, 
momentum exchange and two step ionization of N2. The gas temperature 
model will be discussed in some detail and the other two mechanisms will 
be discussed only briefly. The gas temperature model is sometimes called 
the temperature perturbation or discharge cooling model. It was first 
established by Smith et al. (1979A) as follows. The 002(00^1) level is 
usually pumped by electron collisions or V-V collisions with N2 gas 
molecules in the multi-gas laser medium. This level then relaxes through 
the vibration-vibration-translation (V-V-T) and stimulated emission.
But when the medium is coupled to the laser field giving rise to laser 
oscillations as a result of stimulated emission, the energy which could 
have been coupled to the discharge is now lost from the system as the 
laser output. This of course results in a gas cooling effect, which leads 
to an increase in the number density of laser gas in the plasma region and 
consequently there is an increase in electron-molecule collisions. In 
this case either a larger voltage is required to maintain the same current 
resulting from the impedance increase, or a constant potential drop across
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the tube forces the current to decrease. In the following a brief account 
of the theory of Moffatt et al. (1984) will be given. In a molecular gas 
laser it can be said that any change in the energy gained by the discharge 
is equal to that lost by the electron stream. Assuming that all colliding 
partners have a density n it can easily be shown that:
aPcol 1. 
'^ col 1,
(4.i:
where is the energy gained per second by the laser gas as a result
of electron molecule collision. This means that the fractional energy 
change gained by the discharge is equal to that of the fractional density 
change in the colliding partners. On the other hand the fractional change 
in the discharge input power (aP/P) is equal to that lost to the stream of 
electrons so it follows that:
ap
coll (4.2)
" "coll.
Assuming an ideal gas behaviour at constant pressure, then:
(4.3)
where T is the translational temperature of the laser gas given as:
T = ^w " ^dis = ^w " (4.4)
Here t^ is the wall temperature of the laser tube, t^ .^^  is the temperature 
of the discharge, P/L is the input electrical power per unit laser length 
and m is a coefficient dependent on pressure and gas composition. Suppose 
Q watts are removed from the asymmetric stretch mode of CO2 molecules when 
the laser oscillates, then the change in the translational temperature can 
be expressed as follows:
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-mQ
Lt^ + mP
By substituting Q = I(y/2)A and using eqns. (4.2) and (4.3), eqn. 
becomes:
(4.5)
(4.5)
(4.6)
2(—  + P) m
where I is the laser intensity 
Y is the laser loss
A is the laser tube cross-sectional area. 
By taking the coefficient X to be equal to:
X = P/2 (Lt /m + P) w (4.7)
X can be called the OGE coefficient, and the discharge power fluctuation 
can be written in terms of X as:
AP = AyIX (4.8)
or in terms of the output coupler reflectivity
AP = [(1+R)/(1-R)] Pq j^^. y X (4.9)
where P^^^ is the laser output power and R is the laser output coupler 
reflectivity. If now both sides of eqn. (4.9) are divided by the input 
electrical power P, then
(H) = (J^) (iiR)
l-R
rX(.'■^ out. (4.10)
where (Pgy^/P) is the laser efficiency. Experimental results of Moffatt 
et al. (1984) showed that ( a z / z ) can be ~0.5 for high (Rgy^/P)
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aligned cavities and can reach ~1.0 for badly aligned cavities. From
eqn.(4.7) it is concluded that the OGE coefficient is dependent on t^ and
t .. and its value is determined on the level of excitation described by di s
(P/L), gas composition and total pressure. Experimental results of 
Moffatt et al. (1984) (see Fig. 4.1) revealed that the OGE coefficient 
increases as the pressure rises with the constant current generator mode 
of excitation. As the electrical power (P) increases so does (P/L). From 
eqn. (4.9) it is evident that as the mirror reflectivity is increased, the 
factor (-p-p) is increased but y is expected to decrease. So (^P/Pq ^^ .^) 
will increase as R is increased (see Fig. 4.2). This seems logical 
because when R is increased more of the radiation field is retained in 
the cavity hence P^^^ is less. The OGE signals usually disappear at 
modulation frequencies in the range 2-3 kHz; but it is possible to detect 
OG signals at modulation frequencies up to 100 kHz (Moffatt and Smith 
1981). Stabilization at these frequencies is expected to be much better 
than those established at low frequencies, since this will improve the 
signal to noise ratio (S/N), the noise level from supply harmonics is less 
and stabilization can be achieved in a shorter time. A full account of 
the processes involved for both high and low frequency regimes is given, 
(Moffatt et al. 1981) (see Fig. 4.3). The upper part of the figure shows 
that there is a competition between stimulated emission and other 
processes represented by the reaction
002(00^1 ) + M — >00  ^ ( n , m ,0 ) + M + T^ ^
where M is all possible collision partners, and T^ the translational 
energy resulting from the upper laser level collision with the M molecule. 
Usually the 662(0,m,0) end up in the (010) state according to the 
following reaction (Patel 1968):
Fig. 4.1 : Change of the OGE coefficient "X" versus
discharge power per unit length of laser tube. 
(After Moffatt et al. 1984.)
Fig. 4.2 : Electrical power change versus supply current
at different mirror reflectivities for 3 torr Xe, 
3 torr N2, 16 torr He and 4 torr CO2 .
(After Moffatt et al. 1984.)
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Fig. 4.3 : The OGE process in CO^ lasers for high and 
low frequency regimes.
Reproduced from Moffatt et al. (1981).
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C02(10°0) + C02(000)-^C02(01^0) + C02(01^0)
When the (01 0) level relaxes to the ground state (000) level all energy 
will be released as translational energy (T. ) represented by the reaction:
002(01 'O) + 002(000) + M + T|_.
If the laser field is increased by driving the laser oscillation towards 
the line centre, then is expected to decrease since the majority of
(001) levelsare removed by the stimulated emission. is expected to 
stay the same as all the population still flows through the (010) level 
and the pump rate of (001) is constant for both halves of the cycle.
So there is a net decrease in the energy transferred to the gas following 
the decrease of T^. This results in gas cooling and hence an increase in 
the local number density resulting in impedance increase. Hence the 
current is modulated at the modulation frequency. When the modulation 
frequency is slow the pumping and relaxation processes come into equi­
librium over the period of a small cycle. The OG signal will approach 
zero when the modulation frequency is of the order -> 1 /2 tgQp where Tq q  ^
is the relaxation time of the upper laser level of the order ~300 ps 
(Moffatt et al. 1981). When the modulation frequency is increased further 
then T|^  will acquire a modulated component. Moffatt et al. (1981) 
expected the crossover frequency to be about 40 kHz corresponding to the 
lower laser level lifetime of ~13 ps. In summary, the voltage for the 
constant current generator mode should increase when the modulation 
frequency is low and will decrease at a high frequency modulation (see 
Fig. 4.3). Moffatt et al. (1981, 1984) performed their OG studies in a 
conventional type of laser at working pressures of 15 to 25 torr, composed 
of He, CO2, N2 and Xe. OGE studies at higher pressures in waveguide 
lasers in the range 15 to 60 torr were carried out by Walsh (1985).
(dl (di
(cl Itfl
«I if)AA
Fig. 4.4 : Oscilloscope traces of the OG signal (lower trace). 
The top trace is the choppeii laser power.
Operational coniiitions are: (a),(b) 16 torr, 4 mA; 
{c),(d) 25, torr, 6.5 mA; (e),(f) 54 torr, 8 mA.
The chopping frequency was 500 Hz for (a),(c) and (e) 
and 2.5 kHz for (b),(d) and (f).
Reproduced from Walsh (1985).
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Fig. 4.5 : Schematic to show the most common way of 
OG signal detection.
(After Goldsmith et al. 1981).
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His gas mixture was He:C0 2:N2 in the ratio of 75:15:10 respectively.
The OG signals obtained by chopping the beam are shown in Fig. 4.4.
The signals are composed of two components. An in-phase short-lived 
component was accompanied by an out-of-phase long-lived component.
The latter was noticed to be of larger amplitude at high gas pressure and 
current. The OG response was found to cease at a certain frequency called 
the crossover frequency. This particular frequency is very dependent on 
pressure and current (Walsh 1985).
The second mechanism which has been suggested as being responsible 
for the OGE is called "momentum exchange". This has been suggested by 
Lobov, Shtykov, Bogatkin and Drugov (1972). The essence of this approach 
assumes a change in the rate of energy exchanged between molecules and 
electrons in elastic collisions which will affect the electron mobility 
and hence the discharge current. In Lobov et al. (1972) electron mobility 
was derived on the basis that there is no change in electron density or 
mean free path. But Smith et al. (1979A) in their study measured pressure 
changes, rejecting the idea of constant mean free path. The third 
mechanism was suggested by Nowiki and Pienkowski (1982) who assumed that a 
two step ionization of N2 was responsible for the effect. They found that 
when radiation was coupled to the laser gas discharge there was a change 
in the ionization rates of N2 which results in a current change. This 
model was checked by Smith and Moffatt (1984) and was dismissed as being 
responsible for the OGE in CO2 laser discharges for the following reasons. 
The model was not considered to be complete as it does not account for the 
OGE amplitude response with frequency, gas composition and pressure.
When N2 was replaced by CO in the same mixture it was found from the i-v 
characteristics that the mixture with CO has a lower impedance, contrary 
to the fact that two step ionization predicts a lower impedance when N2 is 
used. Finally Smith and Moffatt (1984) used the experimental results of
- 66
Smith et al, (1979A) which showed that there is a large OG signal in gas 
discharges of pure CO2 as well as in C02-N2*He mixtures. This showed that 
signals could be obtained with or without the existence of N2. It can be 
concluded that the gas temperature model offers a satisfactory explanation 
to the different aspects of the OGE as has been proven by the experimental 
results of Moffatt et al. (1981, 1984). Their results will be used to 
explain the OA compared with the OG results (see Chapter 6).
4.3 OG signal detection:
Any optogalvanic sensing circuit should overcome the problem of high 
voltage isolation. One of the most common techniques of OG detection is 
to couple out the a.c. signal through a blocking capacitor used for d.c. 
isolation (King, Schenck, Smyth and Travis 1977; Green et al, 1976; Lawler 
et al. 1979; Goldsmith et al. 1981; Rettner et al. 1981; and Zalewski et 
al. 1981). As an example the circuit used by Goldsmith et al. (1981) is 
shown in Fig. 4,5. Alternatively Thomson and Fibers (1975) detected the 
OG signal by connecting a parallel R-C combination in series with the 
ballast resistors. One advantage of this arrangement is to dampen high 
frequency oscillation of the supply (see Fig. 7.3). Other pick-off 
techniques have been reported in the literature by Suzuki (1981).
He detected the OG signals by winding a coil of inductance 10 nH around 
the laser tube. This method is simple and provides a solution to high 
voltage isolation (see Fig. 4.6). In the present work the OG signal was 
picked up using an optogalvanic sensing circuit built into the supply 
(Edinburgh Instrument Type PS4R) as shown in Fig. 4.7. The back to back 
diodes act as a safety clamp to the circuit preventing the voltage applied 
to the 100 kn resistor from rising above 6.9 volts. The inclusion of the 
capacitor-resistor combination acts as a low frequency filter discrimi­
nating against noise pulses below 300 Hz.
RF TRANSMITTER
Fig. 4.6 : Schematic to show OG signal detection employing 
the coil method.
(After Suzuki 1981).
Fig. 4.7 : The built in supply OG sensing circuit used in 
the present study.
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Chapter 5
The optoacoustic technique
5.1 Introduction:
The optoacoustic (OA) technique was discovered by Bell as early 
as 1880. For many years the optoacoustic phenomenon lay dormant; but 
interest in it was renewed following the discovery of the laser and its 
applications, as first demonstrated by Kerr and Atwood (1968). Subsequent 
work has shown the versatility of optoacoustics for studies of a wide 
range of phenomena. An example is that of trace gas analysis which when 
performed in an intra-cavity optoacoustic cell showed that absorption 
coefficient as low as 3 x 10 cm  ^ could be measured (Shtrikman and 
Slatkin 1977). The method has as a consequence found an important 
application in air pollution studies (Dewey, Kam and Hackett 1973; 
Rosengren, Max and Eng 1974; Goldan and Goto 1974). For wider appli­
cations of the optoacoustic technique in physics, chemistry, biology, 
microelectronics and medicine the reader is referred to the book by 
Rosencwaig (1980).
In this thesis the optoacoustic effect has been detected for the 
first time in a laser cavity within the plasma tube envelope and used for 
laser stabilization at any chosen laser line frequency in an analogous way 
to the optogalvanic method. In the sections that follow the OA technique 
is discussed and two cells used for internal and external detection of OA 
signal are described, together with a suggested cell for OA detection in a 
waveguide laser.
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5.2 The optoacoustic technique - theoretical background:
5.2.1 Optoacoustic theory in an acoustic cell:
The optoacoustic technique is simple, inexpensive and sensitive.
The principle of the method (Dewey et al. 1973) is simply to allow a 
modulated laser beam to pass through a cell containing a gas sample with 
an absorption transition coincident with the laser wavelength. This will 
result in a modulated pressure which can be detected very sensitively 
using a microphone. The first step in generation of optoacoustic signals 
(OAS) is efficient absorption of light which in turn produces a varying 
source of heat, thus gas expansion which is detected as a sound (Kreuzer 
1977). Assuming no other absorption mechanism is responsible the OAS is 
proportional to the density of the absorbing molecules (Goldan et al. 
1974). If a laser beam of intensity I(r,t) is passed through an OA cell 
the heat H(r,t) produced as a result of light absorption is given by 
(Kruezer 1977):
H = a I (5.1 )
r describes the position and t the time, and “ is a proportionality 
constant. The above equation is true if two conditions are satisfied. 
Firstly (I) should be small so that saturation does not occur. If this 
condition is not satisfied a nonlinear term should be added to eqn. (5.1). 
The second condition is that any time variation of (I) should be small 
compared with the rate of transfer of absorbed energy from the absorbing 
transition into heat. If the first condition is satisfied but not the 
second then the variation of (H) with time lags behind that of I and a in 
this case is frequency dependent and eqn. (5.1) becomes:
H(r,u) = a(u)I(f,u) (5.2)
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If both conditions are not satisfied at the same time the situation is 
complex. For the condition of small I, for a given density of upper state 
population (n^), the generated heat will take the following form:
H = hv
NS T
ItAVT,
where N is the density of the absorbing molecules, hv is the energy of 
the transition, av is the linewidth of the transition, S is the line 
strength and is the collisional lifetime and ^  radiative
lifetime of the upper state such that ^r  ^ ^ c^ ^
quantity t is called the total relaxation lifetime of the upper state. 
This source of heat described by eqn. (5.3) will cause a varying gas 
pressure which is detected by a microphone. This pressure is given by
the following expression (Rosencwaig 1980):
.2
P =
kE^N‘ 2 V 6C 0
(2BI^+t‘ ')  [ (2BIq+t' ') ^  + J]  ^
i(u.t-Y'-n/2 ) (5.5)
The measured optoacoustic pressure by the microphone is q = -P. In the
■ 3
above equation k is Boltzmann's constant, N the number of molecules cm ,
3
the specific heat/cm at constant volume, “ the modulating angular 
frequency and y' = ux. Here y ' is of physical importance as y' = tan^ 
where ♦ is the phase angle between the OAS and the chopped laser power 
(Kaiser 1959 and Claspy 1977). B = B^q h^/c where B^q is the Einstein 
coefficient for stimulated emission from level 1 0. « is a factor
arising from the assumption that the modulated intensity at frequency u 
is given by I = I^(i + iexp(iut)) and E^  is the energy of excitation of 
the upper state.
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As far as the microphone signal is concerned two situations can be 
considered. If 1^  is small then 2BI^ «  and the microphone signal is 
given by
kEN
2BI 6 
0
( 1 + ^
i(ut-Y'-n/2) (5.6)
It is obvious that the OAS is linearly proportional to N and I^. The
T ?
proportionality of the signal to {j-) should also be noted. The value
c
of usually decreases with a rise of temperature, hence the signal is 
expected to increase as the cell temperature is increased. For high 
intensities 2BI^ »  and eqn. (5.5) becomes:
n - 1 . «i(“t-Y'+ir/2 )
^ - - T 7  c^ f t ; * ^
(5.7)
This is the case for saturation absorption and the signal is proportional
to lo'l
The next important step in understanding the origin of the magnitude 
of OA signals is to probe the relation to the cell in which the sample is 
kept. Assuming the sample cell is a cylinder of radius (a) and length (L) 
then the normal mode solution (P.) of the acoustic pressure can be written
J
as:
r ar
3Pi 1 3^Pi
— i) + - i ---- ¿ + — i + k . P .  = 0
ar r*^  ae^ az^
(5.8)
A full account of the origin of the solution (Morse 1948) for eqn. (5.8) 
is given by Kruezer (1977) and Rosencwaig (1980). The normal mode 
solution is equal to:
® sin(k^z)
D cos(k^z)] (5.9)

72 -
Aj(“) = -
H,, [(y-D/V. f P.*HdV]
1 Cl) __________ C______ J______
( 1-
J J
(5.15)
Y is the specific heat capacity ratio at constant pressure to that of 
constant volume. It is clear that A.(co) = » as u. = u or when the
J J
modulating frequency “ is equal to the cell's natural resonance frequency. 
In practice this is not true because no loss has been included. Usually 
losses in the OA cell (Kruezer 1977) arise from viscosity and heat conduc­
tion. It can be said that gas in the cell is composed of two layers.
The gas near the cell wall has a constant temperature because the wall is 
a better conductor than the gas. The gas in this region expands and 
contracts in an isothermal manner. Far from the wall the gas expands and 
contracts in an adiabatic process. Acoustic losses from heat conduction 
will take place in the region where the gas expansion is both partially 
isothermal and adiabatic. For analysis of the different types of losses 
in the OA cell the reader is referred to Kruezer (1977). The quality 
factor (Qj) of the cell is defined as
Qi =
energy stored in mode j
 ^ rate of loss of energy from the mode
To see the effect of it is interesting to look at the noise equivalent 
power (NEP) which is the amount of power that is to be absorbed to create 
a signal equivalent to the noise amplitude.
(NEP)^ = 8 np T C„^k V_ u ^/u .Q.(y -1)^
0 C J J
(5.16)
where p is the gas density, k the thermal conductivity, and is the 
cell volume. As Q. is increased the value of (NEP) will decrease.
J
Introducing the quality factor Q. in eqn. (5.15) and using eqn. (5.1), the
‘ J
mode amplitude will take the following form:
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- i 0ia[(Y-l)/V. ] / IdV
- r :-l----- -—(D . I I -  W /W -J J
(5.17)
i u)A) . Q . ]J J
If (I) is constant then the integral in the numerator is zero for j 4  0. 
Hence the lowest order mode has a resonant frequency “q = 0 and 
represents a constant pressure change in the cell independent of position 
with a mode amplitude equivalent to:
ioi{Y-l) IA „ { u )  = (5.18)
u(l + (i/uT.|.))
where is the damping time of as a result of heat conduction. For a 
cell of volume and length L the intensity can be written as I = WL/V^, 
where W is the laser power in watts. Eqn. (5.18) then becomes
i a (y -1 ) WL (5.19)
U) ( 1 +  i /U) T .j. )
If the first mode is excited then inserting the above mentioned values of 
V^, L and I in eqn. (5.17) then A^(u) is given by the following formula:
i 0) a ( y - 1  ) WLA^ (i*i) =
[ 1-(d ^)-i (u/oo^ Q^  )]
(5.20)
The last two equations can be used to estimate the preferred mode to be 
detected. For example at low frequencies u t.j. « 1  and A ^ ( u )  = o (y - 1 )  x 
WL and is independent of frequency. At high frequency »  l,
and A^ (t»i) decreases as The first order mode is a maximum only at
“> = The ratio of the maximum amplitude of A^ (<*)^ ) to that of A^(0) is 
given by
A i (“i )/Aq (0 ) = (5.21)
Since this ratio is larger than unity, then the first mode amplitude can 
be made larger than that of the zero mode.
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5.2.2 Optoacoustic effect in discharge plasmas:
The optoacoustic effect in an acoustic cell is extensively studied 
and is very well known as has been seen in Section 5.2.1. Detection of 
optoacoustic signals in discharge plasmas has been reported (see, for 
example, Arimondo, Vito, Ernst and Inguscio 1984, and Hameu, Arimondo, 
Wascat and Clorieux 1985). The only theoretical model to account for OA 
signals in plasma discharges and known at the time of this study is by 
Sofonea and Popescu (1986). They extended a model that accounts for the 
OGE in a discharge to include that of an OA effect. The idea that OG and 
OA signals are related in a discharge was supported by the experimental 
work of Muenchausen et al. (1984). An OA model in neon gas discharges 
developed by Sofonea et al. (1986) makes two assumptions. Firstly, 
following laser radiation absorption, the change in population of the 
excited levels (n^) gives rise to a change in the multiplication factor 
(K), i.e. the number of electrons generated in the discharge through 
collisions by a single electron leaving the cathode. When K increases 
then (3K/3n^) = a^  > 0; hence there will be a current increase that can
be expressed by the change in the number of electrons per unit volume 
(AOg). Secondly, due to changes in the population of the excited levels 
the total amount of ionization energy is changed and this will be followed 
by a change in the electron gas temperature (¿T^). The partial pressure 
of the electron gas is given by;
Po = k T^ e e e (5.22)
where k is the Boltzman constant. The change in the electron density (n^) 
and temperature (T^) gives rise to a pressure change given as follows *
* P« = k + n„ k AT^e e e e e (5.23)
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Assuming transitions occur between level 1 with density n^  and level 2 
with density n2 « an^ can be calculated and aT^ can be obtained from the 
energy balance. Substituting in eqn. (5.23) and integrating, the electron 
gas pressure is then given by:
I n^ a^  an"" [i A[(a-1) k + a E 2 - - (o -I)Eq]
- B(k V E ^ - E q ) ] /Ai(Ai+B) (5.24)
where I is the beam intensity, an the change in the ground state popula-
.1 = Ai ; is the relaxa-tion, and i the current. A is defined from t 
tion time of level 1, = Ai + B is the relaxation time of level 2 and
B accounts for radiative decay of the relaxation time. “ is constant 
equal to (a^/a^). Eq , E^, E2 are the energies of the ground state, levels 
1 and 2 respectively. From the last equation it is easily seen that the 
OA signal vanishes at a critical current (i^) given as follows:
Ei-Eq )
A [ ( a - 1 )  k T g  + a E 2 ' E ^  -  ( oi- I ) E q ]
(5.25)
Applying eqn. (5.25) to neon discharges, it was found that for currents 
i > i^ the signal is positive and negative for currents i < i^. This is 
supported by the experimental work of Arimondo et al. (1984) who assigned 
positive OA signals for high currents and negative OA signals for low 
currents.
5.3 Optoacoustic detection:
Microphones are the most widely used method of detection in OA 
experiments. The condenser type is preferred (West 1983), as it is 
insensitive to mechanical vibration and has a flat frequency response up 
to 15 kHz. These condenser microphones employ air as a dielectric 
material between the electrodes. Sound signal detection is achieved when 
the OA wave creates a capacitance change of the microphone which is then
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transformed into voltage signal (V^). This signal is proportional to the 
biasing voltage and microphone diaphragm area. In comparison, the 
electret microphone contains a solid material of high dielectric constant 
and can be manufactured to a very small size. Kruezer (1977) treated the 
problem of detection using the condenser microphone by considering two 
models. In the following, a brief account of both the mechanical and 
electrical models will be presented. The average position of the micro­
phone diaphragm can be written as X = èX(0), where X(0) is the full 
displacement of the diaphragm centre. The force exerted on the diaphragm 
is of two kinds: one resulting from the sound pressure and the other is a 
result of biasing the microphone which causes a displacement of the 
diaphragm by an amount given by:
C V ^
X„ = J 1 _ J _  (5.26)
d k_
where k = S^ tT is called the microphone restoring force, C is the 
unbiased microphone capacitance, d is the displacement between the 
microphone plates, Vg is the biasing voltage and T^ is the microphone 
diaphragm stiffness and should be sufficient to stop the bias voltage from 
bringing the diaphragm into contact with the back plate of the microphone. 
It is useful to define a quantity called the 'microphone equivalent 
volume' which is the volume of air that when compressed will produce 
the same restoring force on the diaphragm as that of T .
Y P A '■ 0 m (5.27)
8 w T_
where is the microphone diaphragm area, and the average pressure 
over the diaphragm. is very important in understanding the coupling 
between the microphone and the gas as will be explained later. The 
microphone is connected to a bias voltage through a ballast resistor in
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one of two possible ways: (i) The electric charge on the diaphragm is 
kept constant and the signal is detected as a voltage using a high 
impedance amplifier, (ii) The voltage remains constant and the signal 
is detected as a current using a low impedance amplifier. In the work 
reported in this thesis scheme (i) was used.
For this system Kruezer (1977) gave the following relation for the 
signal (V^) which in fact was originally given by Olson (1947) as follows:
Vc = s m
VqA B m
d k_
1 -
“m “m'^ m
-1
(5.28)
. / ■where is the ith microphone resonance frequency defined as ^
m is the diaphragm mass, and Q is the quality factor of the microphone
given as Q where o is the damping. Eqn. (5.28) gives thef^Tl 0
electrical signal produced, but the pressure exerted on the microphone 
(P^) should be corrected since the boundary conditions have changed as a 
result of implanting the microphone in the cell as the walls near the 
microphone are no longer rigid. In this case the velocity of sound waves 
normal to the walls at the diaphragm is not zero. If the container is 
small and the modulation frequency made less than the first resonance 
frequency of the container and the microphone, then pressure will be 
constant and independent of position. Under this assumption the micro­
phone can be treated as an additional volume (V^ )^ given before in eqn. 
(5.27). The amplitude of the zero mode can then take the following form:
Ao(u) i a (Y-1 ) WL
u(l+i/uTy)(V^+V^)
(5.29)
and accordingly the signal produced voltage can take the new formula as 
follows:
i(Y-l) ^
u yP„A_ d 0 m c m
(a WL) (5.30)
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This equation is useful in determining the effect of cell design changes 
on the signal amplitude. Another thing which is expected to be modified 
by addition of the microphone to the cell is the microphone resonance
frequency (“„,)• As a result the spring constant changes from to
K' = K„(l + V„/V^) and the modified effective volume becomes (V' ) m m m c m
and accordingly the resonant frequency becomes:
-1
. A T (5.31)
The noise signal is of the following form:
IVsn«“ )
4 k T p c‘
0 Q V (1+V /V )‘ m ^m m m e
where S
V r V„ B m
m
0 m
is called the open circuit sensitivity.
(5.32)
A second model is now examined based on an electrical equivalent 
circuit. This is shown in Fig. 5.1 which comprises a series R-L-C 
resonant current shunted by a capacitor. The acoustic pressure generates 
a signal which appears as a voltage source (Vg) in series with the RL'C 
circuit:
''g =
m p
B m •^m = ^0
(5.33)
c  = X _ 'm = C 2 V 2m^ ''b /d^ km (5.34)
L' = (5.35)
and
R = (5.36)
It can be said that the Johnson noise at the output terminals is of 
exactly the same amplitude as the thermal fluctuation noise. To calculate 
the electrical noise it is important to consider the microphone-gas

container coupling which increases the effective spring constant of the 
diaphragm. In the electrical model this results in reduction of C  by a
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factor (1 + V„/V^) m c
-1
by Johnson noise in R is given by: 
IV |2 = 1 4 1 1' n' m
Hence the voltage at the output terminals generated
0) C
(5.37)
In the low frequency limit this reduces to:
4 kTpc'
0) 0 V (1+V /V^) m^m m m e
T (5.38)
which is identical to eqn. (5.32). This means that both models yield the 
same results for the noise voltage.
5.4 Cell design:
5.4.1 General considerations:
Optoacoustic cell design is aimed towards the maximum possible 
signal to noise ratio. Cells have been constructed of different sizes and 
shapes (Rosenewaig 1980). Cells have been designed with a length as small 
as 5 mm (Klimcak and Gelbachs 1985) and 18 cm (Lehmann, Scherer and 
William 1982), and with quality factors ranging from 10 (Lehmann et al. 
1982) to 164 (Dewey et al. 1973) and as high as 766 (Goldan et al. 1974). 
When designing an optoacoustic cell the resonance frequencies should be 
kept small compared with the reciprocal of the vibrational relaxation time 
of the gas involved otherwise severe reduction of Q value will result.
There are two types of operation for OA detection (West 1983) either 
to operate at low frequency or at the natural resonance frequency of the 
cell. The resonance frequencies can be calculated using eqn. (5.13). An 
example concerning the cell used in this work will be given in the next 
section. For an optimum cell design it is relevant to consider the signal
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to noise ratio obtained by dividing eqn. (5.30) by eqn. (5.32) to give the 
following formula (Kruezer 1977):
•5 / 1 ^  2 LA 2 “mQm T O O
(S/N)^ = (_!!!)^ (J!L!!i) A f'^ a ^  (5.39)
4kTo)'^  V. K_
The factor (y -1) can be increased using monoatomic gases such as He or Ar 
for dilution of the sample. Luckily, in a CO^ laser gas mixture. He is 
used with the highest partial pressure percentage ' 70%. af depends on
the choice of modulation frequency and the microphone resonance frequency.
A
The factor (L A /V ) can be written as (¡r— ). This can be maximized by m e
increasing the diaphragm area and reducing the cell cross-sectional area. 
This can be done to only a certain extent as it is difficult to fit large 
microphones in small bore cells.
One major problem encountered in optoacoustics is window heating 
(West 1983). This is a difficult problem to solve as it occurs at the 
modulation frequency hence interferes with the weak OA signals. Many 
solutions to this problem have been suggested in order to eliminate it. 
Acoustic baffles have been used within the cell by Bruce, Sojika, Hurd, 
Watkins, White and Derzko (1976) (see Fig. 5.2). A simple and straight­
forward solution has been employed by Shtrikman and Slatkin (1977) which 
involves an open optoacoustic cell placed in a larger container. They 
concluded that the background signal was reduced to a signal equivalent to 
20 ppb (parts per billion) of ethylene in N2. A similar idea has been 
used by Lehmann et al. (1982) where a waveguide 2.2 mm x 5 mm x 18 cm long 
was used in a larger container (see Fig. 5.3). Deaton, Depatie and Walker 
(1975) tried a more complicated method by using two cells in series. The 
idea is to fill both cells with non-absorbing gas. In this case the 
background signal will appear. When one of the chambers filled with the 
absorbing gas is mixed with the non-absorbing gas, the differential signal 
between the two chambers represents the gas absorption.
Fig. 5.2 Schematic of an optoacoustic cell that 
employs acoustic baffles.
(After Bruce et al. 1976]
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5.4.2 Internal and external optoacoustic cells:
In the work presented in this thesis two different types of opto­
acoustic cells have been designed. One was used which formed an extension 
of the laser tube at its anode end, and the other cell was used outside 
the laser cavity in the conventional way of OA spectroscopy.
In designing the intra-cavity cell, operation at the resonant 
acoustic frequency is not considered useful on the grounds that unwanted 
signals may be amplified, especially in an environment like that of the 
laser cavity in which plasma perturbations, pressure fluctuations, thermal 
variations and many other undesirable effects can easily arise. Another 
important reason is that the calculated speed of sound in the gas mixture 
of the CO2 laser with an abundance of He ' 70% is expected to be high ~
460 m/sec at 20 torr. This leads to very high radial mode resonance 
frequencies at practical cell diameters. In addition the cell is not only 
open but also closely coupled to the plasma tube which makes precise 
calculation of the resonance frequencies impossible. The longitudinal 
mode resonances are lower in frequency and the cell can be designed to 
excite these modes, but because the effective cell length is going to 
increase when the cell is coupled to the laser tube, exact theoretical 
calculations of resonance frequencies are again precluded. Although 
resonance operation of the gas cell is not recommended as mentioned 
previously, it is advisable in the cell design to assume resonance 
frequency of a convenient value in the range (200 - 800 Hz) for the sake 
of successful optoacoustic cell design. The cell is then experimentally 
studied for the conditions of best operation.
The intra-cavity cell is shown in Fig. 5.4b and takes the form of a 
simple tube made from stainless steel 6 cm in length and 2 cm in diameter. 
The length is the maximum permissible for the cell because of the limited 
space between the laser mirror and grating. A microphone is fitted in the
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middle of the cell wall. Assuming the cell is far enough from the plasma 
region ( ~12 cm) and that the laser is operated with continuous gas flow 
and with the gas introduced between the cell and plasma, it can be 
reasonably assumed that the cell is at room temperature. At a total 
pressure of 12 - 20 torr the laser gas mix (70% He, 24% N2 and 6% CO2), 
theoretical calculation shows that the speed of sound is in the range 
(4.3 to 4.6) X 10^ cm/sec respectively. Using eqn. (5.13) and relevant 
values of a from Table 5.1, the resonance frequencies for the lowest 
radial mode (n^ = n = 0, m = 1) is found to be 26 - 28 kHz for operating 
pressures 12 - 20 torr respectively. For longitudinal modes the cell 
length is assumed to be 27 cm (and not 6 cm) since the part of the laser 
tube beyond the plasma that has almost the same diameter as that of the 
acoustic cell, is 21 cm. This gives for the lowest order longitudinal 
mode (n^ = 1, n = m = 0) a resonance frequency of (790 - 850) Hz for the 
same range of pressures mentioned earlier.
The external cavity is manufactured from a brass tube 15 cm long and 
5 cm diameter. It is closed with two Ge windows at its ends and the 
microphone is fitted in the middle of the cell wall. The cell is provided 
with a cross (four port) branch which left three ports for pumping, 
pressure gauge and gas filling (see Fig. 5.4a). In this work the cell is 
used for comparative studies of OA signals from internal and external 
cells. Assuming the same gas mix filling, the longitudinal mode resonance 
frequencies lie in the range (1.4 - 1.5) kHz and the radial resonances are 
(10 - 11) kHz for pressures (12 - 20) torr respectively. In the compa­
rison of both signals from the two cells (see Fig. 6 .8 ), the resonance 
frequencies are found to be very much less than calculated, amply illus­
trating the difference between the actual experimental conditions to those 
assumed theoretically.
In conclusion the OA signals are detected very successfully from the 
laser cavity by simply introducing a short tube fitted with a microphone 
in its wall. The signals are obtained with very good signal to noise 
ratio (see Fig. 6.10) and without the complications of additional optical 
windows.
For optoacoustic detection in the waveguide laser an adapter is
used. It consists of a volume (V) under the microphone, which is joined
to the waveguide tube with volume (V ) through a channel [i ) with
9 ^
cross-sectional area (A) (see Fig. 5.4(c)). This combination makes use of 
the so-called Helmholtz resonator (Rosencwaig 1980), the resonance 
frequencies of which are given by.
'H -)
where V„ (V V„/V+V„) 
9 9
In the present work the resonator constructed has a radius 4 mm and length
3
3 mm, giving a volume V of 0.15 cm . The channel is 1 cm long and has
2
a 0.15 cm diameter so its cross-sectional area is 0.0175 cm . The wave-
3
guide tube is 0.3 cm diameter and 58 cm long giving ~ 4 cm . 
Substituting all the above values into eqn. (5.40) gives:
= 2995 = 2 T.f^
from which it follows that
f^ = - 475 Hz
This is a practical value for laser stabilization. It should not be 
forgotten that in this case resonant operation arises as a consequence of 
the waveguide tube being used as part of the Helmholtz cell itself.
Fig. 5.4 : Schematic to show (a) Ordinary OA cell (external cell), 
(b) Intracavity cell (self absorption cell), (c) Adapter 
and microphone used for optoacoustic detection in the 
waveguide laser cavity.
- 84
Chapter 6
Optoacoustic and optogalvanic signal detection: 
experimental results and discussion
6.1 Introduction;
It has been pointed out in the previous chapters that the 
optoacoustic (OA) and optogalvanic (OG) techniques can be used widely for 
different scientific purposes. Results taken simultaneously using both 
techniques are presented for the purpose of comparison of their 
characteristics. Discussion of the results will be presented in this 
chapter with the objective of gaining a thorough understanding of the 
newly detected OA signals in the light of what is known about the origin 
of OG signals. It is believed that the OA technique can be very useful as 
an aid to understanding of the different processes that occur inside the 
laser cavity; although this is not the main objective of this thesis.
In the next section, 6.2, a description of the experimental method 
and results will be given and in Section 6.3 a phenomenological explana­
tion will be attempted and OG and OA methods compared.
6.2 Experimental methods and results:
In this section a description of the experimental results will be 
given. These have been taken in such a way that the signals are presented 
as a function of a variable parameter directly. Using a three pen 
recorder, simultaneous recordings of laser power (P), OG and OA signals 
are recorded against the variable parameter which is linearly swept using 
a preset speed motor. For example, if the signals are to be studied at 
different frequencies (over the range 120 - 3000 Hz), the motor is 
attached to the spindle of the frequency control of the intra-cavity
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chopping unit. It is then allowed to rotate over the desired range, 
thereby changing the chopping frequency. The OG and OA signals are 
detected using two PSDs of the same type (EG and G, Model 5101), and fed 
into a three pen recorder. It is important to point out that the three 
pens are displaced from each other by a small distance of '2  mm.
The middle pen is used for OA signals and is set to start at the origin. 
The pen biased to the left in the traces to be shown in this chapter is 
used for OG signals and the one biased to the right for laser power. 
Accordingly the X-axis of the sketches can be referred to the start and 
finish of the OA curve, so the relative displacement of the three pens can 
be taken into account, i.e. added or subtracted according to the 
particular trace in question. The laser operates in a single mode with a 
power output of 8 - 10 watts.
In all the figures to come, curves are referred to as OA and OG for 
'optoacoustic'and 'optogalvanic' respectively. The power curve is 
labelled (P). The phase «Qg = 0° and = 90°, unless otherwise speci­
fied. The PSD time constant is 3 s for both OG and OA signals and will be 
specified if different. For the purpose of isolating the d.c. biasing 
voltage applied to the microphone, a 10 mF capacitor is used for a.c. 
signal coupling.
The first experimental results were to check any phase shift effect 
introduced by the coupling capacitor in the OA line. These results are 
shown in Fig. 6.1. Here, the coupling capacitor was increased from 10 - 
30 m F in steps of 10 uF. No significant phase shift in the OA signal was 
found. Then a search for the optimum operating phase for each of the two 
signal channels was carried out (Fig. 6.2). At the beginning, the 
frequency was kept constant while the PSD setting changed from (-10° to 
+110°) for a succession of different pressures covering 14 to 20 torr in 2 
torr steps. To study the effect of frequency chopping for a succession of
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fixed values, the pressure was kept constant while the PSD phase was 
scanned and the resulting signals traced out. Results are shown in Fig. 
6.3. The optimum operating frequency was then searched for by scanning 
the chopper frequency from 120 Hz to 3 kHz. This was carried out at 
pressures in the range 14 to 20 torr in 2 torr steps as shown in Fig. 6.4. 
The signal responses at different discharge currents at a constant 
pressure of 18 torr is also shown in Fig. 6.5. The effect of varying the 
current for different fixed chopping frequencies carried out at constant 
pressure is shown in Fig. 6.6. In this case the current was scanned from 
12 to 30 mA at different fixed frequencies. The intention here was to 
study the effect of current on the OA and OG signals. Strong effects of 
discharge current on amplitude of both OG and OA signals were found. To 
see the effect of frequency in this respect, the experiment was repeated 
at a set of closely separated frequencies at 180, 195, 210 and 225 Hz as 
shown in Fig. 6.7.
To check that the detected OA signals occurred locally in the OA 
cell rather than from other effects within the plasma, simultaneous 
observations were made of OA signals from the existing internal cell 
together with those from an external cell. The results are shown in Fig.
6.8. Discharge current variations on the OA signals from internal and 
external cells were effected in a controlled way by scanning the supply 
current from 12 - 30 mA in a similar way to the method used for generating 
the results shown in Figs. 6.6 and 6.7. The results are shown in Fig.
6.9. Further results were then obtained with the internal cell for OA and 
OG signals from the plasma tube by using frequency modulation of the laser 
(such as used for CO2 laser frequency stabilization) rather than by the 
method of beam chopping as used in the production of results for the above 
mentioned figures. Frequency modulation was effected by applying an a.c. 
voltage at an audio frequency to a piezo-electric tube mounted such that
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the grating was position modulated. In this case, signals in the form of 
a derivative were detected corresponding to a full scan of a laser line 
resulting from the rotation of the diffraction grating. Fig. 6.10 shows 
OA derivatives detected at a modulation voltage of 50 volts peak-to-peak 
corresponding to cavity length modulation of '0.03 ym of the piezo 
transducer. Fig. 6.11 shows OG and OA derivatives detected at even 
smaller modulation voltages of 10 and 5 volts peak-to-peak respectively. 
Finally Fig. 6.12 gives an example of mode hopping encountered in this 
study.
6.3 Discussion
This discussion will be devoted to the explanation of the behaviour 
of both OA and OG signals and a comparison of the two methods. From Fig.
6.1 it is concluded that the isolation capacitor connected in series with 
the microphone does not have any effect on phase of the signal and hence 
any phase changes will be related to the experimental conditions rather 
than to the equipment used. The OG results will be interpreted using the 
theory of Moffatt and Smith (1981), as explained in Chapter 4. In brief, 
this theory assigns two types of translational energy T^ and T^  ^ to the 
laser gas. Here, T^ is the translational energy transferred to the gas 
from the upper laser level as a result of collision between the (001) 
level and other molecules in the gas mixture following the reaction:
C02(001 ) + M — > C02(n,m,0 ) + M + Tu
where M is any possible collision partner and can be CO2, CO, O2, N2, He, 
Xe. When the lower laser levels relax to the ground state, then release 
translational energy T|^  through the following reactions (Patel 1968):
002(100) + 002(000)----->002(010) + 002(010)
C02(010) + M — > 002(000) + M + T|_.
B6 2j
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Fig. 6.10 : First derivatives of laser signature obtained by 
frequency modulation of the laser at 50 VP-P and 
laser gas pressure of 12 torr.
A(b) OG derivatives at 1005 Hz modulation frequency. 
PSD time constant : 1 s .
B(b) OA derivatives at 405 Hz modulation frequency. 
PSD time constant 0.1 s.
Traces A(a) and B(b) are for the corresponding laser 
output power.

&"77 "" 7UU777UUU777UP77PU7P7UUPP7UPPP7PPP77UPP77UU777UU
- 88 -
Moffatt et al. (1981) discuss two regimes. The first is the low frequency 
regime ( 0 - 5  kHz) in which is modulated, and the second the high 
frequency regime (>5 kHz) in which T|^ is modulated. In view of the 
experiment of Muenchausen et al. (1984) in which they proved that a 
generated OA signal results in an induced OG signal f the OA signals in 
this work will be interpreted by means of a comparison with the OG 
signals. From Fig. 6.2 it was noticed that the OA signal amplitude is a 
maximum at <t> ~ 45° whereas the OG signal is zero at this phase angle.
Over the pressure range 14 - 20 torr, the phase shift ranges from 42° - 
48° which for four measurements averages to 45°. This small range is 
insufficient to establish the direction of the phase shift with respect to 
gas pressure to make a direct comparison with the study of Louis, Lepoutre 
and Monchalin (1986). Their results for a C02"Ne gas mix showed an 
induced phase lag by the microphone dependent on the pressure and the mix 
of the gas components. High operating pressures >20 torr could not be 
achieved in the laser studied in this thesis. Instead, this phase shift 
study can be carried out in a laser-excited external optoacoustic cell 
using a C02-N2-He gas mix with the same ratios as used in laser operation. 
Starting with 560 Hz (see Fig. 6.3A) the OG signal became zero at ♦ ' 20°. 
This result is to be compared with Fig. 6.28 which was performed at the 
same pressure, but different frequency. Upon an increase in frequency, 
both OA and OG signals became positive and kept rising in strength with 
increasing phase angle, from -10° to 110° (see Fig. 6.3C). It is 
concluded that the PSD phase angle should be adjusted for the largest 
amplitude of signal output at different frequencies.
As far as the frequency response is concerned, two strong regions 
for both the OA and OG signals can be noticed over the pressure range 
14 - 20 torr, experimental results are shown in Fig. 6.4. The first 
region lies between 120 and 450 Hz and gave negative polarity signal for
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both OG and OA methods. The second range of positive polarity extends 
from ~450 Hz to 1.2 kHz. Both OA and OG signals have their maximum value 
at almost the same frequency in the first region. In the second region, 
the OA signal has its maximum at a frequency higher than that of the OG 
signal. The OG signals have two crossover frequencies in the range of 
400 - 500 Hz and at ~1.1 kHz over the range of pressures used in the 
experiment, i.e. 14 - 20 torr. The OG signals then vanished at 2.4 kHz. 
The OA signals have only one crossover frequency in the range 600 - 700 
Hz, in the same range of pressure as mentioned above. The OA signals then 
vanished at 2.4 kHz. The effect of pressure on the OA and OG crossover 
frequencies is not well pronounced over this range of pressure; so it is 
difficult to establish a definitive conclusion. The result reported here 
for the OG crossover frequencies is in total agreement with those of Walsh 
(1985) for frequencies <0.4 kHz and 1.4 kHz under discharge conditions of 
(5mA, 16 torr) and (6.5 mA, 25 torr) respectively. The only difference 
from Walsh's result in the present case is that two crossover frequencies 
of '0.4 and 1.1 kHz were noticed to occur in a single trace with a laser 
tube current of 12 mA and gas pressure of 14 to 20 torr. The modulation 
frequency was not taken up to higher frequencies to compare with the 
highest value ~12 kHz obtained by Walsh (1985). Moffatt et al. (1981) 
talk about only one phase reversal in the range '2 kHz, or when the 
modulation frequency is l/2Tggp where is the relaxation time of the 
upper laser level, of the order 300 us (Moffatt et al. 1981 and Sobolev et 
al. 1967). Accordingly, the crossover frequency should be of the order of 
1665 Hz. The difference in the crossover frequencies of OA and OG signals 
should be important in indicating the difference in the relaxation times 
inside and outside the plasma region. The relaxation time is longer for 
the colder OA cell, so crossover frequencies for the OA signals are 
expected to occur at a lower value than that of the OG signals. However,
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the results do not substantiate this conclusion based on temperature 
difference. Another important factor that should be accounted for is the 
difference in the number density per unit volume which is larger in the OA 
cell, leading to shorter relaxation times. A more thorough investigation 
accompanied by accurate measurements of the temperature within and outside 
the plasma region is clearly needed. Concerning the quality factor of the 
OA cell, it was found that it lies in the range 4 to 8 when sound waves 
were generated in the cell mechanically by vibrating the mirror using a 
piezo-electric tube. Experimental measurements of the quality factor 
using Fig. 6.4, by calculating the ratio gave a Q value, ~2 in
the low frequency range 120 - 500 Hz and ' 6  for frequencies > 500 Hz. In 
the above ratio is the frequency at which maximum response occurs and 
Avis the peak width in frequency at (/2/2) of the maximum relative output 
of the signal amplitude (Goldan et al. 1974), as the signal is measured in 
voltage.
The effect of plasma current on the crossover frequency was examined 
in Fig. 6.5. Here, the pressure was kept constant and the frequency swept 
over the range 0.12 - 3 kHz at different fixed values of plasma current. 
Apart from signal amplitude, the OG and OA signals retained the same form 
at different currents. Their maxima occur at almost the same frequency, 
whether positive or negative going, at all currents. As the current is 
increased there is a clear effect on the higher crossover frequency point 
for the OG signal, which was found to decrease with current. Intuitively 
when the current increases the discharge temperature is expected to rise 
and as a result the relaxation time should decrease, i.e. the crossover 
frequencies occur at a higher frequency. The result of Fig. 6.5 does not 
substantiate this however, and this point is left open for further study. 
The crossover frequencies of the OA signals and its shape were not 
affected by increasing plasma current and remained unchanged. This result
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for OA signals contradicts the results of Arimondo et al. (1984) who
reported the detection of an OA signal inside a discharge tube near an
earthed anode. They associated a negative-going signal with low current
and positive-going with high current, with which heating is associated.
This effect has not been noticed in the present work where the signals
retain the same polarity at all currents. The experimental findings of
Arimondo et al. were supported by the theoretical study of Sofonea and
Popescu (1986). Their model depends on electron gas pressure change
following a temperature change (see Chapter 5). The critical current
value at which the OA signals are expected to vanish was not noticed,
probably for two reasons. Firstly, OA detection is carried out some
distance ( -10 cm) from the anode. Secondly, the signals are drawn
showing amplitude versus frequency, rather than amplitude versus current
as by Arimondo et al. (1984). To clarify this point, pressure and
frequency were kept constant while the supply current was scanned from 12
- 30 mA. As Fig. 6.6 shows, as the current is increased, the power is
X
expected to drop since the supply is constant current generator and the 
discharge voltage will decrease as the current is increased, with constant 
pressure. The effect of signal decrease (OA and OG) as the current is 
increased must be looked at carefully since some of the decrease is 
related to a drop in laser power. An interesting effect can be seen in 
Fig. 6.6A where the OG signal decreased to zero at ~ 20 mA and produced a 
negative going peak at ~ 24 mA. A similar effect is noticed in Fig. 6 .6B 
for the OA signal. This agrees with the experimental study of Arimondo et 
al. (1984) and Sofonea et al. (1986). Since the effect does not appear in 
all scans shown in Fig. 6.6 , it can be said that phase reversal of signals 
whether OA or OG, with current depends on both the modulation frequency 
and current and not on current alone. This idea is supported by Fig. 6.7 
where traces have been taken at closely spaced frequency values. It is
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concluded that when the modulation frequency is very close to the cross­
over frequency of the OA signals there is a phase reversal. When the 
modulation frequency is far from the crossover frequency the signals only 
decreased in amplitude as a result of power drop when current is 
increased. An explanation can be offered at this stage. For the OG 
signal it can be said that as the current is increased the relaxation time 
is adjusted in such a way that when the modulation frequency is comparable 
to the OG signal goes to zero. This explains why the signal does
not go to zero at different modulation frequencies. The explanation 
offered before for the OG situation cannot be offered for the optoacoustic 
behaviour since the OA microphone is placed outside the plasma region.
The OA signal behaviour can only be understood in the light of the model 
of Sofonea et al. (1968). In the model a change in the electron number 
density, gave rise to a pressure change leading to an OA signal that 
vanished at a critical current value at a particular frequency near the 
crossover frequency.
To clarify the possible influence of the internal cell on the 
behaviour of the OA signal a comparison was made of an OA signal detected 
from an external cell containing laser gas mix at the same pressure.
Apart from the difference in magnitude in favour of the internal signal 
(see Fig. 6 .8 ) both OA signals behaved similarly and have nearly the same 
value of crossover frequency. To confirm the idea that the OA signal 
detected from the intra-cavity cell is not affected by the plasma in the 
laser tube, the supply current was swept over the range 12 - 30 mA and 
both OA signals from the internal and external cells were detected simul­
taneously. Fig. 6.9 shows that the signal from the external and internal 
cells did in fact behave similarly. For example in Fig. 6.9 A, B and C 
the external OA signal reversed phase with current. No physical explana­
tion can be offered and this point is left open for further clarifying
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experiments. An important conclusion is that there is now some doubt 
about the validity of the experimental results of Arimondo et al. (1984) 
and the idea of the existence of the critical current derived by Sofonea 
et al, (1986), Finally the OA and OG derivative type signals detected 
showed very clearly that the OA method is at least five times better in 
terms of signal to noise ratio compared with OG signals (see Figs. 6.10 
and 6.11). This of course will allow better control over frequency 
stabilization of the CO2 laser. In Figs. 6.10 and 6.11 the OG signals 
have a larger absolute magnitude (although they appear smaller), but 
will look very noisy if the PSD sensitivity is increased to that of OA 
detection conditions. Another important point worth mentioning is the 
difference in PSD time constants for adequate signal to noise of 
detection, which is significant for the speed of response of laser 
frequency stablilization. Furthermore the OA derivatives are much easier 
to obtain than the corresponding ones for OG experiments on account of 
their superior signal to noise. It was noticed sometimes that incomplete 
derivatives were frequently obtained in which the signals go in one 
direction only. This has been observed in both OG and OA derivatives (see 
Fig. 6.12A(a) and 8(b)). This effect was noted also by Walsh and Brown 
(1985) and was related to line hopping before reaching the centre point of 
the laser emission power versus frequency.
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Chapter 7
Carbon dioxide laser frequency stabilization
7.1 Introduction:
Carbon dioxide lasers have been frequency stabilized in many 
different ways. Some examples have already been given in Chapter 1.
In this chapter, which is dedicated to active frequency stabilization of 
a conventional carbon dioxide laser, it is shown that the OA method can be 
used in a similar fashion to that of the OG technique for laser frequency 
stabilization. In the following sections passive as well as active stabi­
lization methods will be considered together with a discussion of the 
sources of frequency instabilities in the laser system. At the end of the 
chapter a review of the results will be presented.
7.2 Sources of instabilities in the laser system:
Drift of the laser frequency can occur as a result of changes of the 
environment in which the laser operates, to defects in laser construction 
and the laser medium itself. Many of these effects arise in connection 
with laser construction, as discussed in Chapter 3. In this section 
attention is given to the most troublesome sources of frequency drift and 
where possible a rough estimation of the expected drift will be given. A 
frequency instability of 1 part in 10  ^ can be the direct result of simple 
constructional defects, which for example send part of the radiation back 
into the resonator as a result of unwanted reflection from surfaces within 
the laser cavity (Rowley and Wilson 1972). This can make the stabili­
zation process difficult by giving rise to a signal in a different phase 
resulting in the control system having a tendency to pull the laser 
frequency out of lock. Proper mounting of the optical components usually
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solves this problem. In the following, the relations used by Mallard 
(1973) will be used to calculate the ratio where ¿v is the change of
frequency and v the frequency of the line centre. This quantity gives a 
measure of frequency pulling of the CO2 laser resulting from different 
effects. These can be categorized as follows:
(1) Cavity length variation as a result of thermal effects.
The resonance frequency of the cavity is given by
(7.1)
where c is the speed of light, q is an integer that represents the mode 
order, n is the refractive index of the medium and L is the cavity length. 
From the above relation it is easily seen that
Av AL —  = —  = a AT [7.2)
where a is the linear thermal expansion of the material determining the
length of the cavity and *T is the temperature change. Assuming a net
length change of 0.1 urn in the laser cavity studied in this thesis, of
-8length '1.8 m, then Av /v = 5.5 x 10 . If the laser is oscillating on
the CO^ line P(20) (00^1 - 10% )  branch, the laser frequency will
be of the order 28,306,251 MHz (Schiffner 1972), so ¿v =1.6 MHz. If a
temperature change of 0.1°C is assumed and taking a = 1.26 x 10*^ °C"^
for Invar, then av ' 3.6 MHz.
(2) Effects that occur in the gap between Brewster window and grating.
In some lasers, as in the system studied here, a space is left between the 
grating and the Brewster window. As this is open to the atmosphere, it is 
subject to atmospheric change such as temperature (AT), pressure (Ap) and 
humidity (Ah). In the case of temperature changes
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(^) = (X) Bj a tV j I (7.3)
where X is the fraction of the length between window and grating to that 
of the cavity length, which for the system in question is ' 0.06. The 
constant By = 9.3 x 10  ^°C  ^ so Av  ' 0.2 MHz for AT ' 0.1°C. Taking 
Bp = -3.6 X 10  ^ torr  ^ and assuming 0.5 torr change, substitution of 
these values in eqn. (7.3) and replacing at by Ap gives av = -o.3 MHz. 
The effect of the final parameter, humidity, can be calculated using
:av/v )^  = XB^ Ah (7.4)
-8 -1B^ = 5.7 X 10 torr ; in this case Ah, can be used in torr. Assuming a 
pressure change of 0.1 torr, then eqn. (7.4) gives av = 9.6 kHz. From the 
above it is concluded that draughts can cause frequency instabilities of 
several MHz. To overcome such a problem the laser is covered and in 
addition, the distance between window and grating is reduced to the 
minimum possible (see Fig. 7.IB which shows the effects of draughts).
(3) Mechanical Vibrations.
Mechanical vibrations can cause a severe perturbation of the laser 
frequency of a magnitude depending on their strength. Frequency fluctu­
ations can be estimated using the following relation:
- (^) = (^) 
L
(iHI)
yv
(7.5)
where k is Boltzmann's constant, T the temperature, V the volume of the
material determining the length of the laser cavity (e.g. Invar rods) and
11 - 2y is Young's modulus of that material, which is equal to 1.44 x 10 Nm 
for Invar rods. This effect gives a very small frequency drift for 
temperature changes of ± 1°C. Vibrations can result from vibrations of 
the building, and laboratory equipment (e.g. pumps) also has some effect
97
in this respect (White 1965). Acoustic vibrations contribute to frequency 
drift to some extent, by a factor of 10 less than laboratory vibrations 
(Nagai 1972).
(4) Variation in optical component position.
Another source of frequency drift is the position of optical components. 
Rotation of plane mirrors around an axis perpendicular to the optical axis 
of the cavity produces a larger frequency shift than with rotation of 
spherical mirrors (Nagai 1972). The change that results from Brewster 
window angle change is given as follows (Wallard 1973):
(^) = -t/L sin e
V
(7.6)
where t is the Brewster window thickness and e is the Brester window 
angle. Any change in the Brewster window angle can be disastrous.
For example in the system studied here the window thickness is 4 mm,
0 = 22.3°, L = 180 cm which gives ¿v = -7.5 MHz for a change of 0.001°.
(5) Miscellaneous.
Current variations, plasma oscillations and change in the flow of the 
coolant liquid will also lead to frequency drifts. Pressure changes can 
cause power variations up to several percent of the total laser power.
In the system researched in this thesis, passive stabilization is 
achieved using massive invar rods 2.5 cm in diameter, 2 m long. Since the 
cavity is shorter in waveguide lasers, it is convenient to use a material 
with a smaller thermal expansion coefficient than invar. For the wave­
guide laser, quartz tubes with a = 0.5 x 10 ® °C  ^ are used. Vibration 
is eliminated by a simple inexpensive method as suggested by White (1965) 
and Wallard (1973) in which inflated car tyre inner tubes are topped with 
a wooden platform upon which the laser rests. A simple test of the 
effectiveness of passive stabilization in the system investigated was
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Fig. 7.1 : Investigation of sources of power instabilities under 
the following conditions: (A) Vibration and draught 
isolation; (B) Laboratory ventilator on; (C) Laser cover 
off; (D) Inflated tyres removed; (E) With all instability 
sources acting simultaneously.
Each cm represents ~11% of the total laser power.
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carried out, and the results are shown in Fig. 7.1. After half an hour of 
warm up time, the laser power variation without stabilization was recorded 
with vibration isolation and laser cover on. Then a ventilator fan was 
operated to act as a source of vibration (but little draught as the laser 
cover was left on) and the frequency variations were found to be bigger. 
The cover then lifted off whereupon the level of frequency variation was 
found to increase still further. The level of frequency variation was 
estimated by the percentage change of the laser power from its peak value 
relative to its half power value on either side of the gaussian curve of 
width -150 MHz at gas pressure of 20 torr. To inspect the effect of 
vibration, the inflated tyres were removed and trace 7.ID was obtained 
which showed up to 20% change as a result of frequency shift. Then the 
effect of all perturbations acting together was investigated (i.e. draught 
and vibrations) with long term drift caused amplitude fluctuations as 
large as 30%. The rapid vibrations caused by draughts showed itself 
clearly on the laser oscillation amplitude trace as shown in Fig. 7.IE.
It is concluded that proper vibration and draught isolation can reduce the 
power variation enormously.
7.3 OG frequency stabilization - previous work:
The first step towards frequency stabilization is the attainment of 
single longitudinal and transverse mode operation. The laser design, 
discussed in Section 3.2, should take care of that. Single longitudinal 
mode operation can be achieved by choosing the length of the laser so that 
the mode separation is larger than the transition linewidth (Massig 1977). 
Higher order transverse modes can be discriminated against by proper 
selection of the laser tube diameter and introducing an iris into the 
laser cavity. What remains to be done to achieve single mode frequency 
stabilization then depends on the detection of a signal referenced to the
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laser frequency. This signal, which arises through frequency modulation 
of the laser by applying an a.c. voltage to the piezo-electric tube placed 
against the laser mirror is synchronously detected and fed into a high 
voltage amplifier, which then amplifies it to a level of a few hundred 
volts. This d.c. voltage should be sufficient to derive the PZT tube 
carrying the laser mirror to compensate for any cavity length changes, 
thereby restoring the laser frequency to its original value through 
seeking the null signal.
Suppose the laser emission line centre frequency is (v^) and the 
laser oscillation frequency is shifted to '''. The correction signal 
accordingly brings the laser frequency to v  which lies between v' and v^, 
and very close to v^. This is where an integrator is important in 
applying a steady voltage proportional to the error signal. The ratio 
{v'-v^)/(v"-v^) is a measure of the system effectiveness in correcting the 
frequency variations (Shotton and Rowley 1975). However any system to be 
suitable must be efficient in producing the laser frequency reference 
signal with the shortest possible response time (Wallard 1973). Many 
units have been constructed for CO2 laser stabilization and will be 
presented here as examples, rather than as tested units in this work.
A complete system including modulator and PSD has been designed by Shotton 
et al. (1975) (see Fig. 7.2). A special system for stabilization of 
Sylvania Model 948 CO2 laser was developed by Thomson et al. (1975) and is 
shown in Fig. 7.3. This system has the disadvantage of low voltage 
amplification which makes it unsuitable for insensitive PZT tubes.
Fig. 7.4 shows a very simple and inexpensive circuit as used by Lund et 
al. (1979).
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phase changer and squarer; (B) Coherent filter and PSD; 
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Reproduced from Shotton et al. (1975).
FRONT
•Mirror LA SERPLASMA TUBE
REAR p ie z o e l e c t r ic
o u t p u t  I
MIRROR ^  TRANSDUCER
1 lOK POV/ER ÓOOK
RI SUPPLY R 2
.01 T L)  ( ^ l - J U^i— “  2()V  PTP
ISOK .2
SOK 4 .7 k  J p t l S V
JzZOK
•?
L - i R J h? 5 9 o4 S T A N O
0  ^  
r OSCILLATORI r '
lOOKj
lOOK
■ -  PHASE SHIP
 ^ ■ S5* log ^
C --------1 -I5V»—
MONlTQt^^,* ^  \__■ ___________
100 K I IQ  
K illK
100 Ì  HPB02
9.1V 9.1V
P R EA M PLIF IER
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7.4 The system of OA and OG stabilization
In the work described here a system has been designed for frequency 
stabilization with both OA and OG methods. The signal, whether OG or OA, 
is detected using a PSD unit and fed into an interface unit (see Fig.
7.5), constructed to act as an amplifier of the signals obtained from the 
PSD. The interface unit (circuit obtained from the Physics Department, 
University of Nijmegen, Holland, 1986) provides an output that is 
restricted to 10 volts which is the maximum input to the high voltage 
amplifier (Physik Instrumente, Model 265), and has an amplification factor 
of 100. It is also possible to get a constant d.c. voltage reference 
signal which is useful for frequency stabilization off line centre.
The high voltage is then fed to the PZT tube to establish the necessary 
correction of the cavity length. The complete system of stabilization is 
shown in Fig. 7.6.
To stabilize the laser the following procedure is followed;
(1) An a.c. voltage is applied to the PZT tube, part of which ('0.5 V) 
is applied to the PSD reference signal input. The PSD gain is 
adjusted and a signal is obtained with a positive or negative 
polarity that depends upon which side of the central frequency the 
laser is oscillating. If the laser oscillates at the centre 
frequency of the emission line, the feedback signal is zero (see 
Figs. 6.10 and 6.11).
(2) The modulation frequency is then adjusted for the best detection 
conditions as discussed in Chapter 6.
(3) The PSD phase is then changed 0° to 90° to check that the signal can 
be swung positive-zero-negative. This ensures that the possibility 
of frequency correction on both sides of the central frequency can be 
achieved.


(4) The PSD output is then connected to the interface unit input.
The high voltage amplifier output is also connected to the PZT tube.
(5) The feedback loop gain value is confirmed as being sufficient by 
slowly increasing or decreasing the high voltage correction signal 
applied to the PZT tube until a small signal is registered by the PSD 
meter. The PSD phase reference is reversed so as to check that the 
error signal correction is always towards zero. The phase finally 
chosen is the one that reduces the error signal. The interface unit 
output is then connected to the high voltage amplifier to increase or 
decrease the voltage applied to the PZT bringing the error signal 
back to zero. If this does not occur the gain should be increased 
until the condition is satisfied. If the pointer crosses to the 
opposite polarity when the loop is closed the gain should be reduced.
(6) To stabilize at the laser line centre frequency the high voltage 
amplifier is adjusted manually until the error signal is zero with 
the interface unit disconnected. The feedback loop is then closed by 
reconnection of the interface unit. To stabilize off-line centre, 
the high voltage amplifier is manually adjusted to shift the laser 
frequency to the required value and the loop is again closed. This 
can also be achieved by applying a constant reference d.c. voltage 
from the interface unit to the high voltage amplifier.
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7.5 Experimental results:
The feedback loop was closed and frequency stabilization was 
achieved using either OA or OG. The laser power was monitored with a 
sensitive thermocouple power meter. When the laser oscillates at the peak 
frequency the power meter gives an output signal indicated by its meter 
and a pen recorder provides a visual trace which can be inspected at 
leisure. If the laser frequency is reduced the power reading should
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follow the change by a drop in its value. It will similarly be reduced 
when the laser frequency increases to (v^ + av). if CO^ laser lines are 
assumed to be pressure broadened to '70 MHz, then the percentage 
fluctuation in the power value can be used as an indication of frequency 
instability. For example, a fluctuation of ± 1.5% of the amplitude of 
laser power would mean a frequency instability of ± 1 MHz. This method of 
assessment is used in the present work. Other methods of stabilization 
assessment were not available at the time of the experiment. These can 
include mixing of two laser beams on metal-insulator-metal diode or on a 
fast pyro-electric detector with frequency sensitivity of few MHz. By 
tracking the beat frequency of the two adjacent beams from the two lasers 
it is possible to estimate the frequency drift of the stabilized laser 
under examination.
An example of both OG and OA stabilization methods is shown in Fig. 
7.7. The frequency of the piezo modulation was 430 Hz with modulation 
voltages in the range 40 - 60 V peak-to-peak. This modulation corres­
ponded to a length modulation of 0.026- 0.039 urn respectively or a 
frequency modulation depth of 0.4 - 0.6 MHz. The PSD time constant could 
have been smaller in the case of OA stabilization as the signals were less 
noisy: 30 ms, 0.1 s were used for OA and OG stabilization methods 
respectively. Fig. 7.8 shows an example of stabilization performed with a 
piezo voltage modulation of 40 V peak-to-peak.
7.6 Discussion
It has been shown that the OA method of stabilization is, on the 
basis of results to date, superior to the well known OG method. A power 
stability of 0.2% - 1% had previously been achieved with the OG method 
(Smith et al. 1979). In the work described in this thesis a similar 
figure was obtained with both the OG and OA methods (see Fig. 7.7).
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With the system studied here it is concluded that the OA stabilization has 
more control over the long term drift on account of its improved signal to 
noise over OG stabilization. Thus the use of OA stabilization permits the 
use of smaller time constants. From Fig. 7.8 where stabilization is 
performed at 40 VPP, it is noted that OG stabilization does not hold for 
very long periods of time before it starts drifting. Since the OA signal 
is highly dependent on laser power absorption at the frequency of the 
absorbing CO^ gas, it can be said that the OA method is fully frequency 
sensitive. This is clearly advantageous for laser frequency stabili­
zation. In contrast, the OG method derives its frequency sensitivity not 
only from the gas resonance but also from the variation of laser impedance 
which can be affected by many parameters, including the formation and 
neutralization of ions and laser tube wall temperature. Thus the OG 
method is much more subject to drift and diverse fluctuation in comparison 
with the OA approach. In conclusion, the OA frequency stabilization 
method as an alternative method for laser stabilization is most promising.
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Chapter 8
Conclusions and further work
It was demonstrated in the previous chapter that the optoacoustic 
method for frequency stabilization of a CO2 laser is at least as sensitive 
as and even superior to the optogalvanic technique. Both approaches share 
the properties of being simple, inexpensive, sensitive and compact with no 
added optical components and associated alignment problems. Since the gas 
discharge is run at high d.c. voltages, plasma fluctuations and electrical 
noise is expected to be picked up in the OG method. In addition, supply 
harmonics and mains transients add to low noise signal detection problems. 
The OG signals are even affected by the pressure fluctuations of the 
cooling water for the laser tube resulting in signals not directly related 
to laser frequency changes. These problems do not arise for the OA 
signal. Hence it is possible to detect the OA signals with a smaller time 
constant and low levels of cavity tuning piezo modulation voltage. This 
has the advantage of low noise and fast control over stabilization and 
avoids spectral broadening of the laser oscillation as a direct result of 
the small range of frequency modulation. However, the OA method does have 
some problems of its own. The first problem is concerned with the laser 
modulation process. It is difficult to modulate the longitudinal position 
of the mirror in contact with the gas without the mechanical generation of 
a sound wave which can be detected by the microphone. The solution is to 
modulate the position of the mechanically isolated grating by a piezo 
instead. The second problem is concerned with the microphone lifetime in 
a flow laser system such as used in the work reported in this thesis. It 
was found that the microphone sensitivity decayed due to pressure cycling
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of a conventional laser tube, as a result of repeated evacuation and gas 
filling on a day to day basis. This results in over-stretching of the 
microphone diaphragm. This problem is not expected to appear in sealed- 
off lasers. It was possible to use the microphone for at least two months 
with an average of three hours work per day before its sensitivity started 
to decay. This is not a major problem and it might be eliminated by 
having a more rugged crystal microphone or even other detection techniques 
(West et al. 1983) such as a thermistor, to monitor temperature changes in 
the cell directly. In conclusion the OA and OG signals share many charac­
teristics and properties. However the OA method has the advantage over OG 
in that it is better in terms of signal to noise ratio.
For the completion of this work a lot more needs to be done to gain 
a better understanding of the OA laser signals. For example, resonant 
cell OA operation could be used for laser stabilization and then compared 
with the results of a non-resonant cell, as reported in this thesis. 
However, it would be difficult to excite the radial modes because of their 
high frequency values (see Section 5.4.2). Since the highest percentage 
in the gas mix is He gas, the velocity of propagation of sound in the 
laser medium is high, which places a limit on the lower resonant frequency 
of the OA cell. Different gas mixes could be studied taking into account 
cell and laser performance. The OA cell in this case could also be used 
to study the effect of different gases on the relaxation times of laser 
levels. The OA signals usually get stronger at lower temperatures which 
might be useful to control the cell temperature, or to study the OA 
behaviour.
Optoacoustic detection in a waveguide laser should be as successful 
as for a conventional laser. Preliminary attempts to apply the OA method 
to such a laser were faced with some problems. These are noted here for 
the benefit of future studies. Arcing from the laser electrode across to
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the nearby microphone usually resulted in the destruction of the latter. 
Clearly it is very important that the electrode near the microphone is 
earthed. The discharge should be extremely stable, otherwise the OA 
signals will be very noisy. In the present work an A.L.E. ballastless 
double discharge supply model 30 KV DFH with negative polarity centre 
electrode is used. Audible signals from 'hot spots' on the laser 
electrodes have been obtained. These are picked up by the microphone as 
intermittent interference. Cleaning the electrodes, reducing the distance 
between the electrode and its associated hole drilled in the waveguide 
wall, or changing pressure and current have not so far overcome this 
problem. It is clearly necessary to eliminate this source of noise in OA 
detection of power in a waveguide laser, or else frequency stabilization 
with the method will not be possible.
Since the microphone in the conventional laser is approximately 
10 cm from the laser anode, it would be of interest to place the micro­
phone very close to the anode and compare the results with that obtained 
by Arimondo et al. (1984) concerning the existence of a critical discharge 
current for which the OA signal is zero. The only difference of the 
present experiment from that of Arimondo et al. is that in the latter work 
the distance between the microphone and discharge anode is very short.
Other techniques could also be applied to CO2 laser stabilization 
using the OA method. For example Kavaya et al. (1983) used a second 
harmonic detected from an external OA cell to stabilize the laser away 
from the line centre without electronic offset. This idea can also be 
employed in the internal cell suggested in this work. Optoacoustic 
tracking of an SFg Lamb dip has been suggested by Souilhac et al. (1982) 
for CO2 laser stabilization in an external cell. It is possible that the 
same approach can be used for intra OA frequency stabilization by the 
addition of a very small trace of SFg, since Souilhac et al. (1982) claim
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Lamb dip detection at a pressure of 20 torr in SFg gas. The addition of 
a trace gas to the laser mixture at a concentration insufficient to harm 
laser performance can be used in principle to stabilize the laser with 
enhanced performance at the absorption line resonances of the added gas.
In this case the stabilized laser could be most useful for pollution 
studies of the same trace gas. (The possibility also exists of trace gas 
analysis by adding the sample under study to the laser gas mixture.) 
Moreover if the trace gas has a narrower pressure broadened spectral line 
than for CO2, frequency stabilization will be further improved when the OA 
method is applied.
OA detection using Stark modulation (Kavaya et al. 1979) can be 
incorporated in the OA cell of the frequency stabilization system 
described in this thesis by the addition of a pair of parallel metallic 
plates to serve as Stark electrodes. If this method were to be success­
ful, OA frequency stabilization could be achieved without frequency 
modulation of the laser beam which is clearly advantageous, since the 
coherence length of the laser would be improved. A preliminary trial was 
not successful. This was because a large electric field is required for 
the Stark cell, which for an electrode separation sufficient to avoid 
laser beam diffraction, the applied voltages were such as to cause 
electrical breakdown. If this problem could be overcome, the OA method 
of frequency stabilization would be improved further.
A bright prospect for the future is the implementation of the OA 
method for frequency stabilization of r.f. excited CO2 lasers. Problems 
of discharge noise vanish for the OA technique since there is no 
electrical connection to the discharge region. This extension of the OA 
frequency control method is a particularly important one and offers much 
promise for the future.
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